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ARTICLES

FAST GAS AND THERMAL BREEDER REACTORS

S. M. Feinbergk* UDC 621.039.524.526

Designs for breeder reactors with molten metal coolants (sodiﬁm) have by now been widely dissemi-
nated. Several such experimental and experimental-industrial reactors are already working or are being
brought into operation in the Soviet Union, the United States, Britain, and France.

However, in addition to the sodium breeder reactors there are also plans for other aspects of breeder
development including those of the fast gas and thermal thorium types.

Problem of Uranium Resources

The current phase in the development of nuclear power is characterized by high rates of increase in
power. The time for doubling the powers of nuclear installations is estimated as 3-5 years in the 70's and
5-7 years in the 90's, The fast breeders with liquid-metal (sodium) coolants now being built or designed
have a doubling time of over 7-10 years and therefore cannot lead to any significant economy in natural

uranium until the beginning of next century. Figure 1

N, kW (el) shows the natural uranium requirements for nuclear
power using thermal reactors of various types and fast
breeders with various doubling times (T,) {1]. The eco-
nomy of natural uranium depends on changes in the
doubling time of fast breeders: only for short doubling
times (of the order of three years) can there be a sub-
‘stantial economy in natural uranium before the year
2000. It is true that after the year 2000, with the reduc-
tion in the tempo of nuclear-power development, the
effectiveness of fast breeders may undergo a relative
increase; however, thermonuclear reactors may also
enter into the power arena, and even independently of
these the conditions and demands relating to the develop-
ment of power may change so substantially as to make
present predictions entirely out of date., We can hardly
look into the future further than 2010. Finally it must
. be emphasized that a moderate saving of natural uranium
08 Y S R N S 0* may from the economic point of view be completely in-.
"975 163 Ye’igf 200 @ sufficient in order to compensate for the probable in-

) crease in capital expenditure associated with the transi-
tion to fast breeders. This means that any shortening in
the doubling time of fast breeders will also increase their

Fig. 1. Demand for natural uranium G
in the development of nuclear power, using
various types of reactors (Gy represents

the reserves and cost of natural uranium). competitivenesg. . ,
1) Total development of electrical power; 2) We should note that the demand for uranium, after
nuclear power stations of all types; 3) LWR; ~ - reaching a maximum, will rapidly start falling; this )
4) HWR; 5, 6, 7) breeder reactors with a means there will be an excessive production of secondary
doubling-time of 7, 5, and 3 years respec-

tively. : *Deceased.

Translated from Atomnaya Energlya Vol 37, No. 1, pp. 3-10, July, 1974, Original article sub-
mitted September 11, 1973.

© 1975 Plenum Publishing Corporation, 227 West 17th Street, New York, N.Y. 10011. No part of this publication may be reproduced,
stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, microfilming,
recording or otherwise, without written permission of the publisher. A copy of this article is available from the publisher for $15.00.
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fuel in fast breeders. The excess will have to be directed into
thermal reactors, particularly "peak" nuclear power stations,
which will ensure an economically satisfactory coexistence of
breeders and thermal reactors. If 30% of the power is provided
by fast gas breeders with a doubling time of 3.2 years, the re-

U+10% Mo

T maining 70% of the power may be obtained from traditional ther-
2 ! ‘Azccf}ff t3%Mo] || U+(BE) mal reactors working in the Th and 233U fuel cycle. The power-
' P 0y doubling time in such a combined nuciear power system will be
HIT 10 years,
3

It is thus clear that in the coming quarter of a century, fast
4 reactors will only be able to become the basis of nuclear power if
short doubling times, of the order of 3-years, can be achieved.

Ideology of "Hard'" and "Soft"

Fig. 2. Arrangement of a reactor
with a "plutonium" active zone. 1)
First screen; 2) second screen; 3) Active Zone
first end; 4) second end.

Neutron Spectra in the

It is well known that there are two "limiting" solutions of
the fast breeder. '

1. A physically large active zone with M? < R? using plutonium diluted with ?3%U and other materials
so that the macroscopic inelastic slowing-down cross section is much greater than the plutonium fission
cross section: 2 /zf 5> 1, The fission of *®y takes place mainly inside the active zone. The neutron
spectrum in the active zone is soft, i.e., the average energy of the neutrons producing fission is of the
order of 0.1 MeV [1].

2. A physically small active zone with M? ~ R? in which the plutonium is slightly diluted with oxygen
(or graphite), construction materials, and coolant, so that Z*% /=t ~ 1. The fission of 233U thenoccurs in
the reflector zone adjacent to the active zone, The neutron spectrum is hard (mean energy ~1 MeV) [2, 3].

In the first case the conversion ratio is lower and more sensitive to the increment o = 050 /02 . How-
ever, the dilution of the plutonium in the active zone enables the thermal loading of unit plutonium to be in-
creased and an internal "capacity" (for storage space) to be formed for storing a large quantity of fission
products, i.e., for increasing the depth of burn-up of the nuclear fuel. It is also possibie to choose a com-
position of the active zone for which K changes little in the course of burn-up.

The first scheme describing the physical make-up of the active zone we shall subsequently call "di-
lute” and the second one "plutonium." We emphasize that the "plutonium® scheme in no way limits the size
of the active zone or its unit power. In order to increase the size of the active zone (or its power), we
must set up several individual plutonium zones inside the large reflector. Depending on the nclearance"
(thickness of the reflector), physical interference may arise between the individual modules: for a clear-
ance of the order of 300-500 mm this interference becomes insignificant. We shall call an active zone
made up of systems of individual plutonium zones "multiplutonium." A plutonium active zone is shown in

. Fig. 2, together with the surrounding screens (breeding zones). The latter are situated in a vessel with a
diameter of around 2 m. A multiplutonium active zone is illustrated in Fig. 3. The diameter of the vessel
increases to 3.5 m and the power by an order of magnitude,

Up to the present time there has really not been any convincing analysis of the relative advantages
and disadvantages of the fundamentally different solutions of "dilute, " plutonium, and multiplutonium active
zones in breeder reactors, '

Progress in Breeder Reactors with Gas Coolants

Considerable advances may be achieved by using gas coolants: The possibility of excluding chemical
corrosion and so achieving higher temperatures, simplicity of cleaning, and convenience inuse, isattracting

more and more attention toward gas coolants, We must accordingly regard gas as a coolant offering '
new prospects for the progress of fast reactors with a short doubling time.

Possible gas coolants include helium, carbon dioxide, and so-called dissociated gases of the N,O,
type [4]; the latter possess a great heat capacity at moderate temperatures. Most authors now accept
steam coolants as a potentially weaker rival,

680
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The fundamental advantage of helium lies in the fact

7 1+3%Mo that its interaction with the cores of the fuel elements, their
U+10%Ma coverings, and other construction materials is minimal. The
% put, direct influence of helium on the physics of the reactor is
2\ U+10%Ho greatly reduced by virtue of the construction materials and
—= diluents introduced into the active zone and the reflector of
7 = the reactor so as to ensure a high specific heat take-off from

the nuclear fuel.

The introduction of sodium coolant into the active zone
slows the neutrons and greatly reduces the conversion ratio,
by ~0.15. The conversion ratio is also greatly reduced by
the incorporation of construction materials such as iron and
iron alloys in the active zone, and also by slowing-down in
oxygen, since, in order to achieve a deep burn-up, the nu-
clear fuel is usually employed in the form of its oxides.

Helium may be used if a large heat take-off is achieved
from each unit of nuclear fuel, since without this the doubling
time will be greater even for a very high conversion ratio,

It is well known that the limiting factor for gas coolants is
the consumption of power in circulation and the pressure
drop around the circuit. In order to achieve pressure drops
and circulation power consumptions acceptable from the
engineering point of view, a high pressure of the working

l . gas is essential. On the other hand, it is desirable to mini-
mize the length of the working part of the active zone in order to reduce the pressure drop and also as far
as possible to reduce the diameter of the high-pressure vessel, if a metal vessel is in question, so that as
far as possible the dimensions of the active zone and the side reflectors should be reduced.

Fig. 3. Scheme of a reactor with 2
"multiplutonium® active zone,

It follows from Table 1 that a gradual, significant progress may be achieved in the parameters of
nuclear power stations by raising the temperature and pressure in the system,

If the diameter of the vessel is not very much in excess of 2 m, the creation of such a vessel with a
pressure of 300 abs. atm presents no serious technical difficulties. For diameters no greater than 4.5-
4.0 m the achievement of pressures up to 55 abs. atm, using multilayer steel vessels, should be perfectly
reasonable in the next 15-20 years. Raising the surface temperature of the fuel elements to 800°C is also
a reasonable expectation. It is very important to emphasize the relationship between the fuel efficiency of -
atomic power stations and the doubling time, For example, if T, increases from 3.2 to 4.5 years as a

TABLE 1. Effect of Gas Pressure and the Temperature of the Fuel Elements on the Main
Parameters of Nuclear Power Stations with Fast Gas Reactors Having a "Plutonium" or
"Multiplutoniumn Active Zone :

Maximum can temperature
Main parameters of the nuclear 700 | 800
power stations Working pressure of helium, abs. atm
: 300 400 500 | 300 400 ’ 500
Power used incirculating the heliumy 2,9 2,9 2,9 2,9 2,9 2,9
(6% of the thermal power of the
- circuit) .
TP e 210 265 305 250 335 390
at the outlet 420 440 460 440 525 550
Steam pressure before the turbine, 30 80 180 65 180 240
abs, atm
Efficiency, % .
gross 30—31 3739 42—44 35—37 42—44 . 46—48
net 27—-28 32—34 38—40 3%—34 33—40 42—44
sion ratio 2,05 2,05 2,05 ,05 .05 2,05
%g,m‘l;ééls - 3,2 3,2 3,2 3,2 3,2 3,2

“For 2 30% burn- up of the plutonium in the active zone the time of the campaign is 0,7 of a year; the depth of
accumulation of plutonium in the metal reflector is 10 kg/ton and the time of the external fuel cycle is 0.5 of

a year.
681
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TABLE 2. Some Characteristics of the MSBR Reactor

e Without separation | With separation
Characteristics v o
of protactinium of protactinium
Conversion ratio - 1,0538 1.074
Loss of fuel in reprocessing 0.006 0.007
Yield of secondary fuel per atom of fuel 4,96 7.95
pasing into the reactor, %
Number of secondary neutrons arising per 2,221 2,227
consumed atom '
Specific loading, MW (thermal)/kg fuel 2.89 3.26
Cost of fuel cycle, *mills/kw-h 0.45 0.33
Doubling time for the system of reactors, years 14 8.7

*Mill = one thousandth part of a dollar.

result of a 40% fall‘in the thermal loading of the active zone, the helium inlet and outlet temperatures may
be raised to 340-500°C, and this will enable the thermal efficiency to be raised to ~40%.

Fuel Element Problems

Metallic uranium and uranium alloys limit the depth of burn-up to ~2%. Hence this solution to this
problem is usually sought by employing uranium and plutonium oxides or carbides. Experiments indicate
that oxides give a depth of burn-up of ~10%. It is reasonable to expect that in loose fuel elements (uranium
or plutonium dioxide poured into a steel can) with a can thickness of 0,1-0.2 mm, aburn-up of ~50% may be
achieved if the can is freed from the internal gas pressure of the fission products, and if damage by con-
tact with the coolant is prevented. This latter is achieved by using an inert gas as coolant, and the former
by creating an oxidé core of low density (~7.5 g /cin3) and a more or less free outlet for the gaseous fission
products from the fuel elements (for example, by incoiplete sealing at the ends of the fuel elements), Thus
it is esgential to allow for the outflow of radioactive gaseous fragments, with a certain time lag, info the
coolant circuit. Experience shows that the same applies to reactors with liquid-metal cooling, and also to
thermal reactors by virtue of the dehermetization of the fuel-element cans on irradiation.

Estimates show that, on removing the radioactive noble gases and iodine, amounting to 0.5% of the
flow of coolant, the radioactivity of the circulation circuit is less than 0.1 Ci/liter (the usual norm for
water-cooled water-moderated reactors), which is 2-3 orders of magnitude smaller than in a sodium
circuit.

At first glance it might seem that, for a very deep burn-up (30-50%), the fuel-element can will suffer
extremely serious radiation damage from the action of the fast neutrons. Calculations show that this da-
mage is not only no greater but (unexpectedly) less than in breeders with a sodium coolant,

In order to reduce the amount of diluents and construction materials as much as possible, metallic
uranium should be used in the reflector, while the active-zone fuel elements in the steel cans should be
filled with plutonium dioxide only. In this way the amount of oxygen in the reactor is reduced by an order
of magnitude. It has been suggested that on slightly alloying the metallic uranium with molybdenum or zir-
conium the depth of accumulation of fission products may be increased to 0.8-1% without serious swelling
of the fuel elements, Fuel elements with very thin cans may then successfully operate in the reflector
zones directly bordering the active zone (in layers 10 cm thick). In the case of the end reflectors, if from
constructional considerations it is impossible to avoid a simultaneous replacement of the cassettes of the
active zone and the end reflector, it may be necessary to use uranium substantially alloyed with molyb-
denum, having a 2-3% depth of burn-up.

In many designs of gas breeder reactors with a "diluted" active zone it is proposed to use steel tubu-
lar fuel elements with a diameter of about 6 mm and an artificially rough surface in order to intensify the
heat take-off by the gas coolant. The cores of such fuel elements are either formed from tablets composed
of the sintered dioxide of 23U and plutonium or else filled with spheres of the sintered dioxide [5].

The production of a high volumetric energy intensity in reactors of large dimensions, with longitudi-
nal cooling of the rod-type fuel elements, involves large pressure drops and substantial losses of power in
pumping of comparatively moderate pressures, It is precisely because of this that, with rod-type fuel

682
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elements 5-6 mm in diameter, it is impossible to obtain a gas reactor with
characteristics much better than those of liquid-metal breeeders, It is
essential to find fuel elements with more developed specific surfaces, and
more efficient ways of "impelling® the gas through the reactor. The way
out may be found by using spherical micro-fuel elements, so creating a '
longitudinal ~transverse mofionof the gas in the cassette, A substantial
increase in the cooling surface area, an increase in the maximum per-
missible surface temperature to 1000°C, and the longitudinal and trans-
verse motion of the gas should allow the volumetric loadings to be in-
creased to 1000 kW /liter for a gas pressure of 150 abs, atm. It is con-
sidered quite possible to heat the gas to 750-800°C. This opens the attrac-

“tive prospect of replacing steam turbines by gas turbines and completely
eliminating the construction of a second circuit for the circulation of the

| working substance. Hence the development and adoption of micro-fuel

{ elements is of great interest for the further development of fast gas

breeder technology.

Problem of Safety

The problem of the safety of a fast gas breeder working at high
pressures and very great specific thermal loadings in the active zone is
of vital importance. If leaks occur through gaps of less than 100 cm? in
the circuit, the shut-down cooling of the active zone may be simply ef-
fected by a multiple-loop consideration of the circulatory circuit (at least
four loops).® A complicated problem is that of ensuring safety in the
improbable emergency of an instantaneous and complete rupture of the
| pressure vessel, leading to the flying apart of fragments of the latter,

P TELIIIIITIITIIIIII s

Elld NI, In the overwhelming majority of designs itis proposed that the reactor
=y L T vessel be made out of prestressed reinforced concrete. The air-tight-
i i 8 ness of such vessels depends in no small measure on the reliability of the
large steel flanges and the covers for the steam generators and gas blowers -
W built into the stressed concrete. Through these covers pass all the many

conduits for the water and steam pipes, power cables, and so forth. Thus
the weak points of these vessels include the steel covers and flanges with
diameters of >4 m. In order to strengthen these dangerous components
for pressures of > 60 abs. atm it is proposed to use a system of double

Fig. 4. Schematic sec~
tion of a cell in the active
zone of a salt thermal

breeder. 1) Tubes for cover plates, The vessel is thus transformed into a cumbersome, com-
fuel; 2) upward motion of plicated, and expensive construction: for a reactor with a power of 1
the fuel; 3) graphite; 4) million kW (el.) and a pressure of 120 abs. atm the diameter reaches
slot apertures; 5) down- ~ 32 m, the height ~ 40 m, and the volume around 30,000 m3, The cost
ward motion of fuel; 6) of such a vessel (together with the thermal insulation) is about 20% of the
moderator unit; 7) fuel cost of the whole nuclear power station, i.e., 40 million dollars or over.

inlet; 8) fuel outlet,
In a design proposed for a fast helium breeder with small plutonium

active zones, another method of ensuring high strength of the vessels, based
onthe idea of spreading the stresses, is employed: the high-pressure vessel is placed inside another hermetic
vessel of intermediate pressure, designed to accommodate the whole of the working substance if the main vessel
ruptures. The lowpressure so created (~10-30% of the working pressure of the first circuit) is sufficient toen~
sure proper shut-down cooling of the active zone whenthe emergency protective system operates. Undernor-
mal use the second intermediate-pressure vessel does not carry any pressure, and a low temperature is
maintained in this vessel by means of a cooling system and thermal insulation, This vessel is designed
solely for short-term operation under emergency conditions.

In order to prevent any serious flying apart of pieces of the high-pressure vessel after its possible
instantaneous rupture, strong horizontal bandages and supports for the vessel covers are provided, limit-
ing the flight of pieces of the high-pressure vessel to gaps 1-2 cm wide. These are designed for briefly
accepting the pressure of the working substance.
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Fig. 5. Arrangement of the circulation loop of a thorium
thermal breeder. 1, 4) Salt-liquid mixers; 2) decay of
Pa; 3) liquid bismuth; 5) removal of fission products; 6)

" electrolyzer; 7) bred uranium; 8) purified salt; 9) reactor;
10) cooling liquid salt; 11) turbogenerator; 12) steam.

In our own opinion the provision of bandages to limit the flight of vessel fragments is unnecessary,
since no such construction should be required in the presence: of a continuous monitoring system, prevent-
ing the appearance of dangerous cracks in the high-pressure vessels, This constitutes a reliable guaran-
tee against the sudden rupture of the high-pressure vessel, Methods of nondestructive testing for verifying
the state of the pressure vessels are rapidly being perfected and will undoubtedly reach the required level
in the near future,

Problem of the Composition of the Reactor

The widely expressed opinion that an increase in the unit power of the reactor is the best way of im-
proving the economy of a nuclear power station is not, in our own opinion, entirely obvious, We consider
that it is perfectly possible toconceive powerful nuclear power stations consisting of a large number of
individual (module) reactors, relatively small as regards unit power, linked by a single gas circuit and .
sundry provisions, :

What makes us say this ?

The conversion ratio of a reactor with a physically small (plutonium) active zone reaches the maxi-
mum possible value for fast reactors. In this respect the situation in fast reactors is the opposite of that
in thermal reactors, in which an increase in reactor dimensions leads to a rise in the plutonium coefficient
and to a fall in the fuel component.

A reactor with a large unit power requires a large (once-only) insertion of plutonium and an assimila-
tion of the technology of large high-pressure vessels, creates difficulties in the reservation of power during
reactor shut-downs for recharging, and requires the creation of a very complicated system of recharging
while running (one of the reactors of a nuclear power station containing, say, ten reactors mé.y ‘be under-
going recharging at any given time). All this inevitably complicates the design, erection, and development
of the primary installations, and makes the creation of the new technology less rapid and more expensive.
In our own opinion, it is precisely the expenses and delay involved in mastering the new technology that
constitute the chief reason for its retarded introduction. It would therefore appear desirable to seek solu-
tions to the problem in such a way that the unit outlay of plutonium and the unit powers should be compara-
tively small and not require the development of new technology for the erection of large high-pressure
vessels. It does not follow that a reduction in the unit power of the reactor will lead to a considerable in-
crease in the capital outlay for an established 1 kW of electric power. The capital outlay on a nuclear
power station is mainly made up of expenditure on the coolant circulation system, on the cassettes, heat

exchangers, gas provisions, the equipment of the second circuit, the machine room, the reactor building,
the radiation shielding and purification system, the preparation of the site, and so forth. The cost of the
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high-pressure steel vessels and the actual reactors amounts to some 10-1 5%. Hence a nuclear power sta-
tion composed of several (5-10) smallish module reactors may not be inferior as regards capital outlay
to a nuclear power station of equal power consisting of a smaller number of reactors {one or two).

However, the module station will be simpler in its adoption, considerably more reliable in use, and
less subject to radiation hazard: ten modules of a total power of 1 million kW (electric) are sited in pockets
within a single reinforced concrete unit with a total volume of ~20,000 mz"_.

The actual economic efficiency of the "breaking down" of the nuclear power statibn, i.e., the use of a
larger number of individual small reactors, constitutes a problem for future study.

Hence we should at the same time consider versions with a multiplutonium active zone, assuming the
use of a high-power reactor, while retaining physically small active zones and all the physical indices asso-
ciated with these, v

At the present time designs for fast gas breeders are being extensively published in the literature of
other countries, Common to all these is a scheme based on the reactor having a high-power, diluted active
zone of ~10° MW (el.). Preferentially proposed is an integrated composition in a large stressed reinforced
concrete vessel with a coolant pressure of 60-120 abs. atm. It is proposed to make either ordinary fuel
elements in the form of steel tubes with a uranium and plutonium dioxide core or else micro-fuel elements
with graphite-based coatings. The reflectors are of the same type, but without plutonium; the conversion
ratio is between 1.3 and 1.5. ,

According to the published economic estimates, the capital outlay is either 10-20% smaller than that
of sodium breeders or else approximately the same. The cost of the fuel cycle is 20-30% higher than that
of sodium breeders, and differs little from the values obtained for water-cooled, water-moderated reac-
tors. The doubling time is considerable: ten years or over,

A Soviet design based on a similar conception was recently published [2], except that in this case the
doubling time was 5-6 years and the helium pressure was rather greater (150 abs. atm). The shortening
of the doubling time is here motivated by considerations of the economy of raw materials, i.e., an increase
in the cost of mining uranium is envisaged. : '

Thermal Breeders with a Thorium Fuel Cycle and

Circulating Nuclear Fuel

When considering gas breeders, the importance and effectiveness of increasing the conversion ratio
is always emphasized; for a reactor consisting of a purely plutonium core surrounded by pure 23U this may
theoretically reach 2.5. Under practical conditions the conversion ratio hardly exceeds 2.0; in sodium
hreeders being constructed or designed it is ~1.5, )

In contrast to this, it is possible to make breeders with a conversion factor of little over unity (1.05-
1.10) and a comparatively short doubling time. This arises from the fact that the doubling time for the
amount of nuclear fuel is mainly determined by two parameters: the conversion ratio and the energy inten-
sity of the nuclear fuel, '

In thermal reactors the degree of dilution of the nuclear fuel is several orders of magnitude higher
than in fast breeders. Hence there may be tens of times more intensive a heat release in the former as in
the latter. Furthermore, there is also the possibility of taking a fundamentally new and important step.
that of abandoning solid fuel elements, the use of which is accompanied by a complicated process of radio-
chemical and metallurgical processing, and organizing the circulation of the nuclear fuel in the form of a
. salt melt. A number of the reprocessing procedures of the thermal cycle then fall away. Regeneration is
considerably simplified, the necessity of ensuring a high degree of purification of the fuel from the fission
products is eliminated, and so forth. It is true that every power reactor is thus converted into a radio-
chemical undertaking, and of course the problem of burying and removing the radioactive waste is much
more complicated for radiochemical factories than for reactors, '

However, in principle this problem is entirely soluble.

Thus if the (CR-1) of a fast breeder amounts to 0.5-1.0 and the (CR-1) of a thermal breeder to only
0.05-0.10, it is sufficient to increase the energy intensity of the fuel by a factor of 10 in order to achieve
the same doubling time.
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A reactor with circulating liquid nuclear fuel enables us to reach the required energy intensity.

Fuel Cycle of a Thermal Breeder -

Since of all the known fuel cycles of thermal reactors only a composition of 233U and 2%Th yields a
conversion ratio of greater than unity, it is precisely this fuel cycle which is used in the thérmal breeder,
Here a new nuclear raw material is introduced into the power system, thorium, and this greatly increases
the potential resources of nuclear fuel, since thorium is several times more widespread in the Earth's
crust than uranium. In designing fast breeders the possibility of drawing thorium resources into the power
‘system is also envisaged.

A great advance in the development of designs for such thermal breeders was the initiation in 1966
of a small experimental MSBR reactor with a thermal power of 8000 kW in Oak Ridge National Laboratory,
USA. This reactor has provided a great deal of working experience, on the basis of which designs of reac-
tors with powers of up to 1 million kW (el.) have been developed, '

The active zone of the reactor is formed by a system of vertical graphite tubes (Fig. 4) serving as
moderator and construction material. A liquid salt melt containing 233U passes into the graphite tubes from
metal collectors placed under the active zone, The melt is carried up through apertures in the graphite
and then down through a central graphite tube into the outlet metal collectors, Passing through the active
zone, the 233Y sustains a chain reaction and heats the salt melt. The usual temperatures are 560°C at the in-

let and 700°C at the outlet.

At the reactor outlet the melt passes into metal heat-exchangers in which the heat is transferred to
the working substance of the turbine, The active zone is surrounded by a graphite reflector siting the
22Th, The leakage neutrons are absorbed by the 232Th, forming a new nuclear fuel, 23%U. The radiochemi-
cal system, continuously acting in the by‘pass of the liquid nuclear-fuel circulation loop, separates the fis-
sion products and protactinium, and releases 23U and 232Th to make up the nuclear fuel (Fig. 5).

Table 2 shows the indices of the MSBR,

Thus fast gas breeder reactors may have a somewhat greater conversion ratio than liquid-metal fast
breeder reactors, and a coolant technology which is simpler in use, However, these reactors operate at
considerably higher pressures and require a great expenditure of energy in circulation. In principle such
reactors open the way for a transition to the single-loop system.

" These reactors may exceed LMFBR (liquid metal fuel breeder reactor) as regards economm 1nd1ces
shorten the doubling time, and thus solve the problem of uranium raw material.

Thermal breeders with the circulation of liquid nuclear fuel and with a uranium-— thorium fuel cycle
have a very small CR-1 factor (~0.05-0.10), but a high specific power, and may therefore also have a short
doubling time.
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NEW PROSPECTS IN THE CREATION. OF GAS-COOLED
FAST REACTORS WITH A SHORT DOUBLING TIME,
USING DISSOCIATING N,O,

A. K. Krasin and V. B. Nesterenko UDC 621.039.534

Future rates of development and economic characteristics of nuclear power will be largely deter-
mined by the rate of accumulation of plutonium. It is therefore an extremely urgent matter to solve the
problem of ensuring the automatic supply of plutonium for developing nuclear power systems involving
fast reactors [1], and also to create fast reactors with physical characteristics such as will advance the
construction of nuclear power stations with fast reactors having a doubling time of 4-5 years. This would
increase the rate of growth in the powers of nuclear power stations by a factor of two to four as compared
with that of thermal power stations.

Allowing for the small part now played by nuclear power in the total power-supply system of the USSR
and the need to increase this proportion substantially by the year 2000 (to 30-50% of the total output of all
power stations {2, 4]), it was shown in [4, 5] that in 1980-1990 the doubling time for the powers of nuclear
power stations should amount to 4-5 years, and in 1990-2000 to 6-7 years, '

Further improvements in the physical characteristics of fast reactors may be achieved by raising the
specific thermal stress of the active zone and also the specific concentration of the nuclear fuel (for ex-
ample, by using low-alloy uranium, in which the nuclear concentration is twice as great and the thermal
conductivity an order of magnitude higher than in the case of UO,). However, in such alloys there is a
characteristic radiation-induced swelling of the fuel elements and a strict limitation is imposed upon the
maximum fuel temperature (no higher than 630-650°C). The heat-takeoff efficiency on the gas side may be
raised by increasing the pressure; thus, in order to secure specific thermal stresses competitive with
sodium in the case of helium reactors, a pressure of 250-300 abs. atm must be used; for CO, the corre-
sponding pressure is 220-250 and for N,0, 140-160 abs. atm [6].

Hence in fast gas-cooled reactors with a high specific thermal stress and a large external pressure

- using UO,-base fuel it is preferable to prepare the fuel not in the form of pure UQ, but in matrix form,

which has a thermal conductivity two or three times greater, although the maximum temperature of such
fuel is lower (1300-1400°C) than in the case of UQ,.

_Thus in order to achieve high specific thermal stresses the use of fuel with a greater thermal con-
ductivity than UO, requires a reduction in the maximum temperatures of the coolant to 400-500°C for matrix
composites and 270-350°C for slightly-alloyed metallic uranium. This leads to a fall in the efficiency of the
nuclear power station by comparison with the accepted parameters of sodium breeder reactors. For nu-
clear power stations with fast reactors the main proportion of the cost of electrical power comes from the
capital outlay on equipment. For these stations it is therefore justifiable to seek simpler arrangements
for converting the heat, and also ways of reducing the equipment costs,

A most important problem is that of creating a strategy for the development of nuclear power such as
will ensure the minimum consumption of natural uranium. These problems may be solved if we make fast
reactors with a specific thermal stress of 800-1200 kW /liter, and use thermal parameters of the thermal
cycle of the atomic power station such as will allow the use of low-2lloy metallic uranium with a maximum
fuel temperature of 650°C (allowing for overheating factors). It is therefore necessary to seek new coolants
and to develop new systems for heat conversion in atomic power stations working at temperature levels of
250-450°C [7].

Translated from Atomnaya Energiya, Vol. 37, No. 1, pp. 11-21, July, 1974, Original article sub-
mitted April 1, 1974. » .

© 1975 Plenum Publishing Corporation, 227 West 17th Stree t, New York, N.Y. 10011. No part of this publication may be reproduced,
“stored in a retrieval system, or transmitted, in ary form or by any means, electronic, mechanical, photocopying, microfilming,
recording or otherwise, without written permission of the publisher. A copy of this article is available from the publisher for $15.00.

687

Declassified and Approved For Release 2013/02/21 : CIA-RDP10-02196R000400040001-6




Declassified :and Approved For Release 2013/02/21 : CIA-RDP10-02196R000400040001-6

. 4
__________ 7=

M AL 7 8§
i 0O
S hd
Fig. 1 Fig. 2

Fig. 1. Scheme of a liquid-gas cycle with intermediate regeneration and one
take-off: 1) Fast reactor; 2) high-pressure turbine (HPT); 3) low-pressure tur-
" bine (LPT); 4) electrogenerator; 5) condenser; 6) condensation pump; 7) supply
" (feeding) pump; 8) regenerative preheater; 9) regenerator; 10) turbine of turbo-
pump, :

Fig. 2. Scheme of a gas-liquid cycle with intermediate regeneration: 1-7) see
Fig. 1; 8) regenerator; 9) turbine of feeding turbopump.

Thermophysical Characteristics of N,0,

One way of solving the problem of choosing a gas coolant for fast reactors may lie in the use of dis-
-sociating nitrogen tetroxide (N,0, = 2NO,, 149 kcal/kg) in single-loop systems as both coolant and working
substance of the nuclear power station [7-12]. A complex study of the thermophysical properties of N,O,
has been carried out in the Soviet Union over a wide range of temperatures and pressures: specific heat at
1-170 abs. atm and 30-550°C, p—v—t properties at 50-525°C and 8-150 abs. atm, enthalpy at 50-170 abs,
atm and 20-350°C, gas composition at 150-600°C and 1-7.5 abs. atm, viscosity at 30-500°C and 1-140 abs.
atm, and thermal conductivity at 30-540°C and 1-150 abs. atm [12]. Heat transfer has been studied during
condensation and boiling in a tube and on the flat surface; convective heat transfer has been studied at sub-
and supercritical pressures (1-150 abs. atm, 30-550°C) [11-14]. The thermal-radiation resistance has
been studied under static conditions for pressures up to 50 abs. atm and temperatures of 300-550°C [11,
12]. The corrosion resistance of construction materials has been studied in N,O, under static conditions
at150 abs. atm and 700°C and under dynamic conditions at velocities of 30-50 m /sec, pressures up to 50
abs. atm, and temperatures up to 550°C {11, 12, 15, 16].

The main factor involved in the favorable thermophysical properties of dissociating gases lies in the
existence of large thermal effects in both the first and second -stages of the reaction. In experimental in-
vestigations into the isobaric specific heat of N,0, = 2NO, at temperatures of 160-300°C and pressures of
115, 130, and 150 abs. atm, large maximum values of the specific heat were obtained: Cpyy5 =12 keal /kg
-deg, Cpyg = 8 keal/kg -deg, Cpy5 =5.0 kcal /kg -deg (Fig.1 in [11]); the mean specific heat for the range
160-280°C equals 1.95-2.1 keal /kg -deg. - For comparison, we remember that for the same range of tem-
peratures the specific heat of CO, is 0.28, that of sodium 0.31, and that of helium 1.243 kecal /kg -deg. Thus
the mean specific heat of N,0, == 2NO is seven or eight times greater than that of CO, and 1.6 times greater
than that of helium. In the temperature range 200-500°C the average specific heat of 2NO, = 2NO + 0, is
0.75-0.8 kcal /kg -deg [11]. Owing to chemical reactions taking place in the dissociating gas, in a noniso-
thermal flow, in addition to the molecular specific heat there is also an additional transfer of a consider-
able amount of heat in the form of chemical enthalpy by concentration diffusion.

In experimental investigations into the heat transfer associated with the turbulent flow of a dissociat-
ing gas 2NO, = 2NO + O, in a heated tuke at supercritical pressures of 115-160 abs. atm, temperatures of
250-530°C, thermal fluxes of 10 kcal /m2-h, and Reynolds numbers of Re = 2105, heat-transfer coeffi-
cients equal to 18,000-38,000 keal /m?-h - °C were obtained.

In 1971 experimental work was carried out in relation to the convective heat transfer of a dissociat-
ing gas N,O, = 2NO, at temperatures of 165-180°C, pressures of 130-160 abs. atm, Re = (3-5) 105, and
thermal fluxes of (3-5.5) - 10° keal /m?-h in an experimental tube 4 x 1 mm in diameter and 800 mm long
(with electric heating), the diameter corresponding to the equivalent diameter in a group of fuel elements
(deq = 2 mm). In these experiments, in half the length of the part under consideration a heat-transfer
coelficient at 150,000 kcal /m?- h-°C was attained, the lowest heat-transfer coefficients occurring in the
exit section and being about 30,000 kcal/m?-h-°C. On heating the dissociating gas N,O, = 2NO, from 165
to 280°C the maximum temperature of the can was no greater than 450°C.
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Thermophysical calculations carried out for fast gas-cooled reactors at pressures of 120-170 abs. '
atm and a gas outlet temperature of 250-300°C showed the possibility of achieving a specific thermal stress
of 960-1200 kW /liter for specific thermal loadings of the surface of the fuel elements equal to (3-5)° 108
kecal /m?-h and a diameter for 6-7 mm. For dissociating gas pressures of 130-160 abs. atm, gas outlet
temperatures of'450-500°C, and preheating temperatures of 230-270°C, efficient heat release may be se-
cured from active zone of a fast reactor with a thermal power of 3000-3400 MW for an average energy
stress of the active zone equal to 1000-1200 kW /liter and a maximum temperature of the fuel-element cans
(allowing for the overheating factor) of 650-680°C.

Experimental work has been carried out on the condensation of recombining gas 2NO, + O, = 2NO,
= N,O, in vertical and inclined tubes, and on vertical and horizontal surfaces at pressures of 1-9 abs. atm
and thermal loads of 0.64°103-3.1 104 keal /m?-h. Average heat-transfer coefficients of 1000-1500 keal
/m?- h-°C were obtained for mass velocities of YW = 2-40 kg /m?-sec. A considerable intensification of
the heat-transfer processes (by a factor of 2.5-3 times) may be achieved by condensing the chemically
reacting gas on finely-undulating ribbed (finned) tubes (horizontal or slightly inclined), In the course of
condensation there is 2 marked intensification of the heat-transfer processes on account of the evolution
of the heat of the chemical reactions [12].

Experimental work has also been carried out on the heat transfer associated with boiling both inside
a tube and also inside a large vessel with a pressure of up to 90 abs. atm and thermal loadings of (1-4)-10°
keal/m?-h. With such loadings, boiling in a large vessel gave experimental heat-transfer coefficients of
15,000-30,000 kcal /m? -h -deg. A characteristic of the boiling of N,0, is the fairly substantial dissociation
of N,O, = 2NO,, which occurs chiefly at high pressures. Owing to the heat of the chemical reactions, dis-
Sociation is accompanied by an intensification of the passage of heat to the vapor bubble as boiling takes
place through the boundary film of liquid. In addition to this, on passing from the liquid into the vapor
state there is a sudden increase in the degree of dissociation of the N,O, molecules. Corresponding to this
process the thermal effect of the chemical reaction is added to the heat of vaporization, and thus intensi-
fies the process of heat transfer while boiling [11-14].

Thermal Schemes of Heat Conversion in Nuclear

Power Stations Using N,O,

An advantage of the dissociating N,0, system is the possibility of achieving a gas-turbine cycle, so
as to be able to use the temperature-varying molecular weight of the gas (specific work of the turbine and
compressor) in order to produce a substantial increase in the effective efficiency factor and the specific
power of the cycle [17]. Nitrogen tetroxide has a low heat of vaporization, 5.5 times lower than that of
water. This simplifies the scheme of heat regeneration in the gas-liquid cycle, since the amount of heat
in the gases leaving the turbine is sufficient not only for heating and evaporating the liquid but also for
superheating the gas and regenerator by 100-200°C.

At supercritical pressures the use of a regenerator or regenerator and preheater ensures the re-
generative heating of the coolant until it passes into the gaseous state, so that a gas-cooled reactor may
be used in a condensation cycle with both sub- and supercritical parameters.

The chemical-dissociation reactions occurring on the high-pressure side involve a lower heat of
chemical reaction (149 kcal /kg) than those which occur on the low-pressure side in the course of recom-
bination (294 keal /kg); hence in gas-liquid cycles based on N,O, we have a clear possibility of achieving a
higher degree of regeneration of heat in the cycle than in the case of water or CO,, and hence better ther-
modynamic indices. As a result of the increased heat-transfer coefficients these processes may be ef-

' fected in compact heat exchangers.

When studying the mechanism of the chemical reactions and the kinetic constants of the N,0, = 2NO,
= 2NO + O, system it was established that, in any gas-dynamic calculations of the flow parameters of the
thermodynamic cycle, the turbines, and the heat-transfer processes taking place in the reactor and heat
exchangers, it was essential to allow for the time characteristics of the dissociation and recombination
processes., Estimates of the times of chemical relaxation based on existing experimental velocity con-
stants of the chemical reactions showed that in the temperature and pressure ranges of practical impor-
tance the first stage of the reaction (N,0, == 2NO,) took place in an equilibrium manner (10-%-10-% sec),
while in the second stage of the reaction (2NO, == 2NO + O,) the chemical relaxation time might vary be-
tween 107°-1074 and 0.1-1 sec, depending on the thermodynamic and geometrical parameters [7]. For in-
termediate regeneration pressures of 20-25 abs. atm, total regeneration efficiency is achieved, and the
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' ' TABLE 1. Results of Radiation Tests on Micro- Fuel ’

 Elements
"Characteristics ~ - First ampoule | Second ampoule

* Thickness of SiC coating, p | 50" ° |- 90

* Buwn-ups achieved - ‘ 17 v ez

. Limiting temperature, °C 925° . .925

Number of particles tested | 500 500

Number of particles ruptured under|{ © 3 " 3

. *irradiation BN EE N
effect. of the kinetic characteristics of the chemical reactions is almost eliminfélted;‘ in the high- and low-- .

pressure turbines the flow of gas is almost equilibrium {7, 12]. ' _

In the N,0, gas-liquid cycle, the efficiency of the nuclear power station in the temperaturé range 450-
550°C and the pressure range 80-240 abs, atm is 4-6 abs. % higher than that of the water-vapor cycle 177,
For systems- with intermediate regeneration we may find an additional increase in the thermodynamic effi-
ciency on account of the introduction of the regenerative take-off processes. However, for nuclear power-
station scheines involving fast reactors the greatest interest will lie in arrangements involving intermediate
regeneration and one take-off (Fig. 1), and-also-a simple scheme with:intermediate regeneration (Fig. 2).

The pressure of the gas-liquid N,0, cycle after the turbine is equal to 1.5-2 abs. atm, while the spe-
cific volume of the N,0, i8 34-40 times less than that of water vapor at the same condensation temperature
(pg = 0.04 abs. atm). This enables us to increase the power of d single stroke of the gas turbine very sub-

stantially, bringing it up to 500-1000 MW. In addition to this, when using N,0, the flow section of the gas
turbine may be made with a small number of steps, since the heat differentials in N,O, turbines are 2.2- -
2.5 times smaller than in water vapor [12]. Gas-dynamic calculations and design developments for an
N,O, gas turbine with a power of 500 MW at 280°C.and 150 abs. atm revealed the possibility of making

single-shaft two-flow turbines with a total weight of 250-270 tons and a length of 16-18 m [6].

The results of experimental investigations carried out at 25-550°C under thermal conditions at 1-150
abs. atm and radiation-thermal conditions at 10-60 abs.. atm showed that the N,O, system had thermal and
radiation resistance sufficient to allow its practical use in nuclear power production. The thermal /radia-
tion resistance of N,O, was studied experimentally in the field of n, vy radiation produced by-a thermal-peu-
tron reactor.in a flow-type loop installation operating at 30 abs. atm and 550°C, and the radiolysis of this
coolant in the n,y radiation field of a fast reactor was .calculated. In-the dissociating system N,O, == 2NO,
= 2NO + 0,, by.virtue of the specific characteristics of fast reactors, radiochemical effects arise from the
action of radiation at a high dose rate (~101%eV /cm?-sec) after contact times of ~ 10-2in the active zone,
the temperature varying over the range 160-280 or 200-450 (500)°C and the pressure over the range 150-170abs,
atm. The radiolysis products of NO; aré N,0, N,, and O,. The proportion of decomposing coolant in a fast

‘ reactor is about 10-¢ [11]. . e K = : :

A great deal of attention has been paid to verifying the chemical stability of an N204 gas;liquid cycle.
Experiments have been carried out in a test-bed with a closed N,O, gas-liquid c¢ycle at 504°C and 5 abs,
atm (360 kg of N,0, in the circuit) at a power’vof. 107_Q‘kw with'a gas flow of 1400 kg /h for 372 h, Ina coh-
tinuous experiment lasting 170 h, more than 1000 cycles involving the return of the dissociating N,0, cool-
ant along the circuit were achieved on the principle of the sequence liquid-evaporation-heating-dissocia--
tion-cooling-recombination-condensation-liquid, 4nd so forth. 'In these experiments a high thermal stability

of the gas parameters was achieved, no irreversibility of the coolant being*apparent (12]. In experiments
carried out over the period 1966-1971 in a closed gas-liquid loop for 600 h, -using 80 kg of N,0,, with
parameters of 30-550°C and 10=60-abs. atm,:complete reversibility of the gas-liquid cycle was'also -,
achieved. Altogether the test-bed operated for more than 1500 h under working conditions, including 1000h
without-any change ‘of coolant. Chemical analysis of samplés taken off .revealed:no marked change in the.
compositionof the coolant (impurities in the circuit amounted.to no more than 0.8%) 12]. .. ;

In a loop installation working for 600 h under radiation-thermal conditions at 10-30 abs, atm and
500°C; the stability of the gas-liquid cycle was further confirmed [11]. ‘ '

These éxpériments’*inq.ipated the complete reversibility of the gas-liquid cycle and the practicable
applicability of N,0, a8 a working substance and coolant for nuclear power installations... - : :
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TABLE 2, Characteristics of the The rmodynamlc Cycle of an N204 -
“Atomic Power Station

. t,°C
Characteristic
- 280 450
Gas temperature at the reactor inlet/outlet, °C 166/280 200/450
Gas presure at the reactor inlet/outlet, abs, atm 169/154 . 169/154
Thermal power of the reactor, MW 4190 3253
- Power of the gas turbines, MW 1200 1148
Flow of gas through the teactor, kg /sec 5930 1 - 3853
Efficiency of turbine installation,’% 288 35,3
Efficiency of nuclear power smtion (gross),% 27 34.5
Power of the turbine drive pumps, MW 80.7 -
Efficiency of the high-presure turbine, % 88 : 88
Efficiency of the low-pressure turbine, % ) 87 87
‘Efficiency of the turbine pumps, % 80 R . 80
Minimum head in the regenerator, °C 12 15
Minimum pressure in the condenser, abs, atm 2.06 2,06
Minimum te mperature, °C 1 35 ' 35
Pressure of N,O; beyond the pump, abs, atm 173 173
Proportion of coolant take -off to the preheater,% 20 - -
Proportion of gas take-off to turbopump drive,% 15 | . =
Gas pressure beyond the HPT, abs, atm 32 ) 22
Gas temperature beyond the HPT, °C 190 3217.5
‘Temperature at the condenser inlet, °C 65 65
Pressure at the condenser inlet, abs, atm 2.36 2.36

Corrosion Resistance of Construcftion Materials

in N,O0, : : .

Many years of corrosion tests applied to the construction materials (including tests under stress and
thermal loading) revealed no specific forms of corrosion. The construction materials employed were
mostly highly resistant to N,O,: For those with chromium contents of over 10-13% (Kh18N10T and Kh16N15-
M3B steels, etc.) a loss of 0.001-0.005 mm /year was typical at pressures of 1-150 abs. atm and tem-
peratures of 25-700°C, while at lower temperatures good results were obtained for aluminum and titanium
alloys, high-chromium cast iron, graphite, silicized graphite, Teflon, and so on. When studying the
Kh18N10T and Kh16N15M3B steels used for the cans of the fuel elements, a high resistance to corrosion
was obtained at temperatures up to 750°C and pressures of 150 abs. atm under static conditions for tests
lasting 1000-12,500 h, and under flow conditions at temperatures up to 550°C and pressures of 50 abs. atm

“for 4000-5000 h [12, 15, 16].

Using a PGZh-1loop installation and an ampoule system, the effect of the n, y radiation of a nuclear
reactor and dissociating N,0, on the corrosion resistance of such stainless steels as Kh18N10T, Kh16N15 -
M3B, etc. was studied at 20-50 abs. atm and 500-550°C, Under these conditions, no difference appeared
in the corrosion rate of irradiated samples as compared with those working under simple -thermal condi-
tions [11].

The surface of the construction materials exhibits a compact protective oxide film, firmly adhering
to the surface of the steel, The preliminary formation of an oxide film by using special solutions or heating
in an oxidizing atmosphere at 300-400°C greatly reduces the corrosion rate. Prolonged tests (up to
11,000 h) at 500 and 700°C and a pressure of 50 abs, atm showed that the protective properties of the film
were not only preserved but also enhanced. This leads to a further reduction in corrosion rate [12].

Tests were carried out on samples of Kh18N10T steel under loads of 0.9 g, , at 500-550°C and 50
abs. atm for 1000 h and also on Kh18N10T bellows in a stressed state with a stress factor of 3.25 kg /mm?,
Metallographic analyses of welded and nonwelded heat-treated samples after tests in the stressed state re-
vealed no structural changes. No intercrystallite corrosion was observed; the mechanical characteristics
remained unaltered.
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TABLE 3. Thermophysical and Gas-Dynamical Characteristics .of a 1000 MW (E1.)
Gas-Cooled Fast Reactor Working with N,0,

Characteristic VBRGD~-1000 | NBRGD-1000

Thermal power of reactor, MW 3250 3980
Flow of coolant, kg/sec 3850 5900
Gas temperatire at reactor inlet /outlet, °C 200/451.. 166/281
Gag pressure at reactor inlet /outlet, abs, atm : 1697154 1697154
Specific thermal stress of active zone, kW/ hter ' : 727 960
Volume of active zone, liters 4220 3840
Diameter of active zone (equivalent), m 2,32 2.168}
Height of active zone, m . 1.0 1,04 .
Flattening of active zone (D/H) 2,32 2.08
Diameter of fuel-element cans, mm : 6.2 X 0,3 7.0 X 0,4 -
Number of fuel elements in cassette 3917 397
Size of cassette under the "'key” and can thickness, mm 145 x 2 161 x 2
Thickness of the side breeding zone SBZ, mm 300 ) 330
Thickness of the end breeding zone EBZ, mm 400 400
Thermal loading of fuel-element surface, keal/m?-h

average : 1.93-10° 2.90-108"

maximum , ' '2,53+10° " 3.77410°
Maximum temperatire of fuel-element cans (outer/inner), °C 549/578 341 /412, .
The same allowing. for superheating factor, °C 625/657 —/453
Maximum fuel temperature (nominal/allowing for superheating), °C 113471314 568/635
Mean gas velocity in cassette, m/sec 25.3 30
Mean heat-transfer coefficient in the most=stressed set of fuel elements, 22730 © 68000

keal/m?. he°C - )

Fuel Compositions of Fast N,0, Reactors

As regards the one-circuit arrangement for- converting the heat of nuclear power statlons with fast
,N204 reactors into energy, stringent demands-are made upon the air-tightness of the fuel elements for a
burn-up of up to 10 at.% in UO; and 5 at. % in metallic fuel in order to preserve access to the workmg
‘circuits of the nuclear power station,

For gas-cooled fast reactors with a high specific thermal stress. of 1000-1200 kW /hter and a h1gh
external pressure, fuel composites of the matrix type (which have higher thermal conductivities {19, 20])-
are preferable to those in the form of pure UG, [10] or uranium carbide. At the present time fuel com-
posites of UO, + 30% Cr—Ni in fuel-element cans developed in the Federal German Republic are under-
going reactor tests in Belgium, using a BR-2 reactor operating at up to 5-6 at,% burn-up, with fuel-ele-
ment diameters of 5.5-7.5 mm, fuel-element can thicknesses of 0.4 mm, a linear thermal loading of the
fuel element equal to 500-600 W/cm, a fuel-element can temperature of 600-700°C, and a fuel temperature
of 650-1300°C. -No radiation swelling of the fuel elements has been detected [17].

Good prospects for use in fast reactors and excellent compatibility with N,0, are offered by a fuel
composite made of UC + SiC in the form of microparticles 0.6-2.5 mm in size. Tests were carried out in
" [20] on fuel particles 850 + 50 p in diameter made from (U ;5, Puy y5) O,_x using the gel method; these are
being used in producing UO,— PuO, spheres for the VIPAK reactor (a sodium-cooled fast reactor). The
‘particles are coated with a porous buffer layer of pyrocarbon 45-55 u thick with 2 compact layer of pyro-
carbon 10 + 5 p thick on top of it, followed by a layer of SiC 45-90 u thick. Then the particles were roasted
and the fuel core sintered to a high density, forming fuel of the "peas in a pod" type. .

Tests were also carried out on two forms of particles under irradiation at 900-950°C in a medium of
CO,. " We see from Table 1 that the problem of obtaining fuel for fast reactors is being solved pos1t1vely, .
and even at the present time we have fuel yielding average burn-ups of 5-8 at. %. '

On the basis of experience gamed in the use of fast reactors in the Soviet Union and elsewhere we
may conclude that the most suitable material for the cans of fuel elements in the next decade will be Kh16 -
N15M3B austenitic stainless steel, which exhibits a high corrosion resistance in N204 up to 150 abs. atm
and 700°C [8].
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TABLE 4., Physical Characteristics of a Gas-Cooled 1000 MW (El.) Fast Reactor Working with

N0, ,
1 =450°C t = 280°C
Characteristic .
' breeder refabricator | breeder refabricator
Thermal power of reactor, MW 3250 3250 3980 3980
Gas temperatwre at reactor inlet/outlet, °C 200/452. 200/452 160/281 160/281
Gas pressure at reactor inlet /outlet, abs, atm 169/154 169/154 169/14 169/154
" Specific thermal stress, kW /liter 1167 1167 960 960
Form of fuel © Matrix Matrix - Metal Metal
Critical mass, kg 1555 . 2040 - 1985 2960
Enrichment f fuel with respect to profiling zones, % 9.6/13 14,5/20,8 5.4/7.7 8,1/116
Average emrichment of fuel, % . ] 11-5_% ) 17,6 6.5 9.8
Maximum bum=~up, at, % o 10 - 10 -9 5
" Plutonium conversion ratio 1,55 1.15 1.95 1,45
Doubling time for a single recharging in closed cycle i ) ; T
Te,c, = 1 year 12 : 4+ 5 3,1+
Te,c. = 0.5 year . 5 | - 3 ) -
. Off-loading of excess plutonium from the reactor in the con-~ 618 931 .o9ae 7 1512
tinuous off-loading mode : o
Annual consumption of natural uranium per ton of excess - 261 153
plutonium, tons ; ) '
Nuclear power campaign (¢ = 0,8), years . S0.81 0,876 0.83 . 0,82
Time required to find fuel in side screens, years 0,97 ’ Co11a 2,1 2.4
Characteristics of fission-neutron spectrum; ’ S : l
average number of neutrons per capture 7 2.36 1.90 2.59 2,04
average ratio of fission to radiative capture cross section o 0,237 - 0291 0,134 0.213

*In open cycle,

Choice of Parameters for the Equipment of a

Single-Circuit Nuclear Power Station with a

Fast N,0, Gas-Cooled Re'actor

The characteristic features governing the cost of electrical power in nuclear power stations with fast
‘reactors (capital component 60-70%) suggest that the optimum top temperature of the cycle will be con-
siderably lower than in thermal power stations., In view of this, cdlculations were carried out for the gas-
cooled reactors, regenerators, condensers, preheaters, and turbmes of N,0, nuclear power stations on a
thermophysical, gas-dynamical, and phys1ca1 basis, with a view to optimizing the parameters, du€ allow-
ance being made for the kinetics of the chemical reactions, The remaining components of the net cost,
such as the technological water supply, the fittings, p1pe11nes auxiliary systems, and the cost of erection

‘and structural work were taken into account by analogy with data relating to nuclear power stations of other

types,

These calculations revealed the maximum gas pressufe in front of the turbine (150-170 abs, atm), the
minimum temperature heads in the heat exchangers (15-30°C), and the bottom pressure of the cycle (1.9-
2.1 abs. atm) giving the best economic indices. These calculations also showed that, owing to certain
special characteristics of the properties of N,0, within the hypercrmcal range of parameters (p > 103 abs.
atm), there were two economically-equivalent optimum regions as regards specific computed expenditure
for the maximum temperatures of the gas beyond the reactor: 430-480 and 250- 300°C

The thermal System of the nuclear power station provides for two parallel-connected gas turbines of
2 X 500 MW for each 1000 MW (el.) reactor, The characteristics of the thermodynamic cycle for these
versions are given in Table 2 [11]. ' o

It is very hard to analyze the emergency conditions applicable to gas-cooled fast reactors and to en-
sure the reliable emergency shut-down cooling of a fast reactor in the case of a rupture in the pipeline of
the main circuit. The system of emergency shut-down cooling for a gas-cooled fast N,O, reactor con-
stitutes a closed gas-liquid circuit connected to the reactor in parallel with the loops of the main circuit,
and consists of an evaporator-regenerator, a condenser, a pump, and a liquid store (30-50 m?3) containing
liquid N,0,. In the case of emergency involving a loss of pressure in the reactor vessel, superheated
liquid is emitted from the pressure store and ejected into the active zone (even passing out into the reactor
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ggttvﬁl{( control ywot 0% room itself). In order to neutralize the emergency ejections of cool-
ant, a water spray is provided, with subsequent neutralization by
rrrrr means of an alkaline solution.

Thermophysical and Physical

Characteristics of Gas-Cooled

N,0O, Fast Reactors

Thermophysical calculations of a gas-cooled fast reactor were
carried out for an active zone corresponding to the dimensions of a
stee] vessel of the VVER-1000 type with working pressures of 170
abs. atm, a maximum diameter of 4.2-4.3 m, and a height of 10-12 m,
Engineering design showed that vessels of this kind might house the
active zone of a fast reactor with dimensions of 2.2-2.4 m and 2 diam-
eter /height ratio of 1.8-2.2, with end and side breeding zones 400-500

‘mm thick, and also radiation and thermal screens for protecting the
reactor vessel from fast neutrons., The favorable thermophysical
properties of N,0, facilitate the efficient take-off of heat from the
active zone of the gas-cooled fast reactor.

Fig. 3. Basic thermal
scheme of the BRIG-50: 1)
First reactor; 2) HPT; 3)
mains water heater; 4)
water pump; 5) water heat-

er; 6) LPT; 7) electrogene- Thermophysical and gas-dynamical calculations of gas-cooled
rator; 8) condenser; 9) fast reactors were undertaken on the basis of experimental data relat-
pumps; 10) regenerative pre- ing to heat-transfer coefficients for the two ranges 160-280 and 200~
heater; 11) regenerator. 450°C. The caleulations showed that dissociating N,O, gave an effi-

cient heat take-off from the active zone of a fast reactor with a mean
) thermal stress of 1000-1200 kW /liter, a maximum fuel-element can
temperature (aliowing for overheating factors) of 650-680°C, a gas temperature at the reactor outlet of

450-480°C, a pressure of 140-170 abs. atm, and a gas preheating of 230-270°C (Table 3).

As fuel for a fast reactor with parameters of this order a matrix-type fuel composition was con-
sidered. The maximum temperature of the matrix fuel equalied 1300-1400°C. The effective density of
the fuel was taken as 7 g/cm?. In calculating the doubling time, it was assumed that the time of the ex-
ternal fuel cycle was either 1 or 0.5 of a year; the maximum depth of burn-up was 10 at.%. - In these cal-

‘| culations it was found that T, ='6-7.2 years (Tg ¢, =1 year) or T, = 4.5-5 years (Te ¢, =0.5 year), and the
conversion ratio CR =1.55. Analysis of the results of the calculations shows that the reduction in the
doubling time relative to the sodium reactors is a consequence of the harder neutron spectrum and the much
greater energy stress in an N,0, gas reactor. The gas reactor also has more favorable characteristics
from the point of view of safety (the reactivity effect arising from the removal of coolant is 2-3 times
smaller than in a sodium reactor). '

Thermophysical and physical calculations of a gas-cooled fast reactor with maximum temperatures
of 200-300°C were also carried out for a fuel composite based on metallic uranium. The fuel composite
was taken in the form of a uranium alloy, Table 4 shows the results of the physical calculation for fast -
N,O, reactors. o '

: Thermophysical calculations carried out on the basis of experimental data for thermal fluxes of (3-4)
-10% keal /m?-h and a temperature range of the gas in the reactor equal to 165-281°C at pressures of 150-
170 abs. atm indicated the practical possibility of reaching specific thermal stresses of 950-1200 kW /liter

for 2 maximum fuel-element can temperature of no greater than 500°C and a fuel temperature (allowing
for overheating) no higher than 635°C. Such thermophysical characteristics of fast reactors (using low-
alloy metallic fuel) yield a considerably harder neutron spectrum and a CR of 1.95, with T, = 5-years, and
an annual off-loading of excess plutonium equal to 944 kg /year. The use of such a reactor in the guise of
| a refabricator yields high conversion ratios, amounting to 1.45and a T, of 4 years on supplying *¥U (10%
enrichment), Working in the guise of reactor-refabricator with U% + U8, the annual development of plu-
tonium amounts.to 1700 kg /year.
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TABLE 5. Technical Characteristics of the BRIG-50 Nuclear Power Station

Technical data - ) NBRIG VBRIG
Lom tevnw H éqr\n Td_mg

Coolant ' N,O, N,0,

Number of circuits in the nuclear power station mode 1 1

Number of circuits in the power-and-heat and power-or-heat 3 3
modes, including the external thermal newtorks ]

Number of loops of the nuclear power station from safety 2x 25 MW (el.) 2X25 MW (el.)
considerations

Number of systems of emergency shut-down cooling e 2 2

Electrical power (net), MW 50 (25x2) 50 (25x2)

Thermal power of the reactor, MW S 2217 168

. Basic parameters of the coolant in front of the turbine; :
temperatwure, °C 320 . 450
pressure, abs, atm ' : 150 150

Power required for intemal use, MW , 6 5.2

Maximum heat production in the power-or-heat mode, 147 123.5
keal/h :

Parameters of the hot water of the external network: .
temperatwre at outlet from power-or-heat and power-and-heat stations, °C 150/130 150/130
temperatwre at inlet into power-or-heat and power- and-heat stations, °C 70 70

Parameters of the water in the intermediate circuit
temperature (inlet/outlet), °C 80/160 80/160
pressure, abs, atm 15 15

Net efficiency of the installation in the nuclear-power-station mode 22/28.9 29.8/32.3
(tf'= 150°C/130°C), % .

Net eff1c1ency of the installation in the power- -or-heat mode 84/82.6 ) 83.5/82,6

f = 150°C/130°C), % - :

Net efficiency of the installation in the power-and-heat mode 85.0/84 87.0/84
(tf?=150°C/130°C), %

Flow of cooling water in the condenser in the case of a cooling agent, tons/h | -
reservoir ‘ 1.28.10% 1.06.10*
cooling tower - 2.12.10* 1.41-10

Supply of cooling water in the case of a cooling agent, m*/sec
reservoir 10,028 0.024
cooling tower 0,075 0,05

Total period of service, years 30 . 30

Campaign of reactoy, years 0.63 . 0.4

Maximum possible fast neutron flux operating as nuclear power station, 3.56.10' 4.5.10%
power-and-heat and power-or-heat station, neutrons/cm’. sec ) o

Maximum possible fast neutron flux with the active zone workmg asa re- 6.16.10% 6.3+10%
search reactor (fuel-element diameter 3 mm), neutrons/cm?-sec

Initial charging of 235y, kg . . 414 200

Enrichment of nuclear fuel with 2*°U, % 34,17 75.6

Doubling time (Te = 0,5 year) 4.1 4,4

Technical Proposals for an Experimental-Industrial

Nuclear Power Station with a Fast—Neutroh

Gas-Cooled Reactor Having an Electrical

Power of 50 MW

In developing ideas for an experimental-industrial nuclear power station with a BRIG-50 reactor @
fast reactor based on N,0,), the following aims were envisaged: the achievement of nominal fast neutron
fluxes of (6.7-7.0) - 10%° neutrons /cm? - sec and specific thermal stresses of 900-1200 kW /liter for gas
parameters of 130-150 abs. atm and 280-450°C, as characteristic of 1000-1200 MW nuclear power stations,
For such values of the thermal stress it is possible to achieve a short doubling time for the nuclear fuel
(4-5 years). It was also naturally wished to select the minimum thermal power of the experimental reactor
in order to reduce the cost of constructing the experimental-industrial nuclear power station, Further-
more it was extremely important to ensure the possibility of testing the fuel composites, fuel elements,
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TABLE 6. Characteristics of the Reactors of the Experimental-Industrial Installation BRIG-50

NBRIG-50 | VBRIG-50 {{;., T
. . =
Characteristics test test -
producer | ocearch) | P roducer . (research)
Thermal power of reactor, MW - ‘ . »
Flow of coolant, kg/sec %3; %Z i 322 %gg
Gas temperatize at reactor inlet/outlet, °C ] ) 1717321 171/321 208/451 1757451
Gas pressure at reactor inlet/outlet, abs, atm . 169/154 169/154 169/154 169/154
Average energy stress of active zone, kW /liter T 843 1880 1300 2560
Equivalent diameter of active zone, m - 0,654 0,528 0,586 0,492
Height of active zone, m 0,763 0,524 0,455 0,472
Flattening of active zone (D/N) 0,857 . 1,01 1,29 1,04
Volume of active zone, liters . 256 144,7 122.8 89,8
Thickness of end screen, m 0.6 0,64-0,2 st, 0,6 0,4
Thickness of side screen, m 0:6 0,6--0,2 st, 0.6 0.4
Size of fuel-element amay under the key, mm ‘ 39 . 39,5 39 3915
Step of fuel-element array in a wriangular lattice, mm L 40 40,5 40 40,5
Number of cassettes in thé active zone 242 154 195 134
Thickness of cassette can, mm 1,0 1,0 1,0 1,0
Number of fuel elements in a cassette 37 91 37 91
Diameter of fuel element, mm 5,0 3.0 5.0 3.0
Form of fuel L 3 Metal Metal Matrix - Matrix
Effective density of fuel composite inthe core, g/cm 14,1 14,1 7 7
Total thickness of fuel-element can, mm : - 0,3 0,16 0,3 ...0,16
"Step_of fuel element (triangular lattice), mm 5:8 . 3',8 5,’8 { 3',8
Maximum temperature of fuel<element can(external/internal), °C 410/437 4427467 5707629 591/624
Maximum temperatwre of inner can,allowingfor superheatingfactors, °C 492 530 720 720
" Maximum tem erature at thecenter ofthe fuel tablet, allowing for C g
superheating factos, °C , g . ) 635 635 1203 ‘989
Enrichment of fuel with the fissile isotope 23°U . 98 95 46.8 73 90
Maximum fuel bwn~up, at, % ' . ' 5 5 10 10
Reactor campaign,years - : : 70,6 0,24 0,38 0,20
Coefficientof nonuniformiry of heat evolution K/Ky 1,37/4,2 |- 1,2141 | 1 ,3”7/1 2 1,15/1 A
Volumetric proportions of materials in the active zone, % - - N E
fuel o . 25,65 21,46 27,8 2%
cozilalnt 33,16 40,48 39,5 48
g:ﬁe?s structures _ 27,01 25,46 32,7 28
Volumetric proportions of materials in the sidescreen, 9% . . 14,68 13,6 T -
fuel 23U o ) i . - 56,61 — 56,61 . —
steel 19,65 80 19,65 80
coolant - o ) 21,08 20 ‘1 21,08 20
Charging of fuel per campaign, kg . - 316 215 .29 T
Maximum flux, neutrons/cm? - sec 7,74-1015 | 11,7-1015 | 9,9.4015 14.1015
Maximum neutron flux integrated with respect totime, neutrons/cm? 11,2.1022 | 6,26.1022 11,8-1022 8,8.1022
Maximum newtron flux withE > 0,4 MeV, neutrons/c-mz-sec . . 3,56.1015 6,16.1015 |  4,5.101% 6,3-101%
Maximum newtron flux with E= 0,4 MeV, integrated withrespectto time, 5,17.1022 4,1.1022 5,4:1022 4.4022
- neutrons/cm2 - ) :
Total conversion ratio : - 1,45 1,28

and construction materials developed in nuclear power stations of the BRGD-1000 type under conditions in-
volving the use of an experimental fast-neutron reactor with 2 neutron flux characteristic of high-power
nuclear power stations, ) ' ' ‘

These aims may be achieved in a nuclear reactor with a thermal power of 150-200 MW using the pro-
- posed parameters of the coolant and high specific thermal stresses. The nominal neutron flux characteris-
tic of the BRGD-1000, (6-7) -10'® neutrons /em?.sec, may be achieved in the experimental BRIG-50 reactor
by increasing the specific thermal stress to 1800-2500 kW /liter on converting it to the research mode of
operation (Tables 5 and 6). :

The experimental-industrial nuclear power station with the BRIG-50 reactor is intended for solving
the principal technological and constructional problems involved in making a fast-neutron reactor of the
gas-cooled type using the dissociating coolant N,O,. It is intended to carry out the following work with the
experimental-industrial nuclear power station: '

1) Mass resource tests on fuel elements undér conditions corresponding to the working parameters
(with respect to fast-neutron flux and thermal and energy stress) of BRGD-1000 industrial reactors; the
" experimental-industrial development of a fast gas-cooled BRIG-type reactor as the prototype of a reactor
/secondary-nuclear-fuel producer as recommended for power-or-heat and power-and-heat stations. For
these purposes an electrical power of the atomic power station of around 50 MW is assumed (Fig. 3);
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2) the experimental-industrial development of an efficient closed gas-liquid cycle, equipment for the
technological circuit, and a complex of technological problems associated with the use of N,0, as a coolant
and working substance for high-powered nuclear power stations; _

3) the development of standards for the main equipment of nuclear power stations and the carrying
out of the necessary material-science tests in order to verify the validity of the choice of construction
materials, : '

The design of a fast gas reactor should ensure the accommodation of two active zones in the reactor
vessel, corresponding to low-temperature (NBRIG) and high-temperature (VBRIG) versions of the nuclear
power station. The technological scheme, the equipment, and the composition of the nuclear power station
should have a single technological embodiment, allowing the practical use of the experimental-industrial
nuclear power station with NBRIG or VBRIG reactors, and also in the modes of combined and separate
production of heat and electrical power, i.e., the nuclear-power-station, "ATETs, " and "AK" modes.

Nuclear and Chemical Safety of the BRIG-50 Installation

In view of the absence of experience in the use of nuclear power insfallations involving fast reactors
cooled by means of a dissociating coolant, a particularly meticulous approach must be made to the solution
of these problems.,

Emergency situations to be foreseen, as far as possible prevented, and ameliorated as regards their
harmful consequences, include the unsealing or rupture of the circuit at any point in the technological sys-
tem, deenergizing of the whole nuclear-power installation, and also processes in the reactor or reactor
control and monitoring systems 1eadmg to a dangerous change in reactivity or radioactive contamination of
the c1rcu1t

Under certain emergencies such as the stopping of the pumps as a result of power failure or jamming,
the use of N,0, as coolant in the gas-liquid cycle may play a decisive part in preventing the melting of the
active zone. In this case there are two favorable circumstances: the large amount of coolant in the circuit
as compared with its rate of flow, and the considerable pressure differences in the circuit, which may '
provide for an initial natural shut-down cooling of the active zone within 20-60 sec.

In order to ensure safe use of the ERIG-50 nuclear-power installation, the following measures of
radiation and chemical safety are proposed.

1. To use a two- or three-loop system of reactor cooling and two independent loops of emergency
shut-down cooling, based on different principles. Simple operation of the installation with a single loop
is not to be allowed.

2. To eliminate.the possibility of rupture in the reactor vessel and the cooling pipes in front of the
cut-off valves by suitable constructional measures (by taking large reserves of strength in the design cal-
culations and ensuring quality control of the manufacture and erection). In the case of rupture of the ves-
sel, to ensure cooling of the active zone with liquid coolant. '

3. To -provide réserves for the pumps of the main circuit and the coolant circulating system, and to
provide inertial masses on the rotors for emergency running-down purposes.

4. To provide the BRIG-50 nuclear-power installation with autonomous emergency electrical supply
systems, :

5. To enclose the whole equipment of the installation (including any parts which might lead to radia-
tion or chemical hazard in the event of damage or partial failure) in a hermetic concrete sheath; personnel
and equipment should only pass into this region through special locks.
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RADIOACTIVE SAFETY BARRIERS IN NUCLEAR
POWER STATIONS

E. P. Anantev and G. N. Kruzhilin " UDC 614.876

-The problem of radioactive safety in the operation of nuclear power stations is quite multilateral and
widespread. Nevertheless, it may be mentioned, bearing in mind the previous period, that its tenor has
been well-known to specialist physicists from the very beginning of the construction of nuclear installations.
Undoubtedly, it may be assumed also that at that time, just as now, it was important to preserve the active
zone from burn-out of the fuel elements in all possible situations at nuclear power stations. This problem
is imposed, first of all, .on the automatic emergency protection system and signalization of the reactor,
and secondly on the active zone cooling system during normal operation of the reactor and during shutdown,
and also in the various possible emergency states of a nuclear power station.

However, in water-cooled reactors, there is a quite substantial radioactivity even under "normal®
operating conditions. It comprises the "oxygen" radioactivity of the water, the radioactivity of the circula-
tion loop corrosion products present in the water and the radioactivity of fission fragments which enter the
coolant flow from individual leaky fuel elements. The first two components are inherent in the very pro-
cess taking place in the reactor, i.e., they are technological. The latter component, i.e., the radioactivity
of the water, due to leakage from the fuel elements of fission fragments, is essentially of a probability
nature. Despite the great improvements achieved in the design development of fuel elements for power
reactors and in the technology for their mass production, nevertheless, during operation of nuclear power
stations some of the fuel elements become leaky, and the consequence of this is that highly radioactive
fission fragments start to discharge into the coolant flow. In general, this is not difficult to understand,
because on the one hand the fuel elements are quite "delicate" in their construction, and correspondingly
complex in relation to ensuring their reliability under operating conditions and, on the other hand, their
total number in power reactors is enormous. Thus, in the Novovoronezh nuclear power station there are
about 31 103 fuel elements in the VVER-210 reactor, about 43 -103 in the VVER-365 reactor and about 43.9

-10% in the VVER-440 reactor.

It is well-known that in the core of a uranium metal fuel element, the water which is passing through
its leak-tight cladding interacts chemically with the uranium. As a result of this, uranium hydride is
formed in particular with a friable structure and with a considerably greater specific volume than uranium,
which leads to total destruction of the cladding and leaching-out of the core material, In consequence of
this, the radioactivity of the circulating water becomes extremely high even in the case of damage to only
a single fuel element, As a result of this, the inside surfaces of the circulatory loop also are strongly
contaminated and become highly radioactive; these contaminants are leached-out only poorly and maintain
a high radioactivity over a long period. Operation of power reactors under these conditions would be margi-
nally difficult. On account of this, the cores of power reactor fuel elements are made from UO, and not
uranium metal, although in this case the fuel requirement is increased somewhat.

- Uranium dioxide does not react with water and it is not leached-out. Because of this, a leaky fuel
element — if it appears under operating conditions —~ does not rupture in the flow of water. In this case,
mainly the fission products xenon and krypton pass through the crack of a leaky fuel element. They diffuse
preliminarily from the body of the fuel to the surface of the core, which amounts to 0.1 of their total amount.
Then they diffuse through the gas space to the crack which has formed; the quantity here can be estimated
at 0.01. Thus, the release of gaseous fission products from the fuel element can be estimated at 1073 of
the total amount of fission products. As a result of this, it can be assumed that the radioactivity of these

Translated from Atomnaya Energiya, Vol. 37, No. 1, pp. 22-27, July, 1974. Original article sub-
mitted September 7, 1973,
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fission products is less, approximately by a factor 1075, than the radioactivity which would enter the flow
in the case of rupture of a single fuel element of uranium metal. Thus, the practical value of converting
to the use of UO, in reactors with water cooling is extremely significant. Research work resulting from
this conversion was carried out at one time in the I. V. Kurchatov Institute of Atomic Energy by V. V.
Goncharov and other coworkers, under the direction of Academician A. P. Aleksandrov.

The widespread practice of operating power reactors with UO, fuel elements has shown that their
operating conditions are completely acceptable in relation to the radioactivity of the environment. At the
same time, it is obvious that certain improvements in this respect must be carried out. Obviously, the
most important of these improvements must be special technological measures for increasing the reliability
of the fuel elements. As shown in practice, decontamination of the flow of circulating water in ion-exchange
filters is also of great importance; here, the radioactive particles are trapped in ionic form and thus the
amount of corrosion products in the circuit is maintained at a low level, which leads to a significant effect
in relation to the radioactivity of both the cooling water and of the surfaces of the cooling circuit. As
applicable to a power generating unit with a boiling reactor, methods of handling the radioactive gases
from the turbine condenser and the conditions for operation and maintenance of the turbine also are im-
portant. There are problems associated with this, which are narrowly specialized in their tenor; they- .. .
are being solved in the proper manner with the assurance of the existing standards of radioactivity both at
nuclear power station sites and beyond their boundaries, ’ e

We note additionally that fuel elements of UO, have a special future: if a fuel element becomes leal_'{y |

‘in the water flow, its shape remains unchanged and therefore it is not amenable to visual detection. Defini-
tion of a cassette with leaky fuel elements is quite difficult in this case, In case of necessity, this is un- .
dertaken after removing the cassette from the reactor; according to the presence in the fuel element of
specific radioactive isotopes [1]. This operation is complex and requires a long time to carry it out. Be-
cause of this, and also owing to the generally insignificant escape of fission products (mainly gaseous) . -
through leakage, as mentioned, a search for the damaged fuel elements as a rule is not undertaken in the
period between fuel rechargings into the reactor. According to current estimates, it is considered "per-
missible" if the number of leaky fuel elements does not exceed 1% of the total number in the active zone.
However, according to operating data, the relative number of damaged fuel elements is considerably less.
Undoubtedly the damage probability will be reduced further by improvements in design and production
téchnology. Therefore, the special features of UO, fuel elements mentioned are recalled here only as a
statement of fact and not for the purpose of any justification or protection whatsoever of the "admissibility".
.of damage to fuel element claddings occurring during operation of the reactors.

Thus, in the light of performance and accumulated experience, the first and principal barrier against
radioactivity in a nuclear plant has always been assumed to be the fuel element claddings which, in their
turn, are protected from dangerous burn-out by a system of automatic equipment and by the appropriate
systems for cooling the active zone in normal, shutdown and emergency situations.

Among the possible emergencies in nuclear power stations, the case of coolant leakage must be
counted as particularly valid. Such cases are inevitable during prolonged operation. In organic-fuelled
steam powered plants, very small leakages through looseness of the individual parts of the shut-off equip-
mentor its packing gland present no hazard and therefore they do not cause any special worry. But with
the appearance of a leak through breaks in the flange gaskets or through direct damage to one or another
small-diameter tube, a more or less urgent shutdown is necessary for repair, in order to avoid the pos-
sibility of this type of damage developing with increased leakage, leading to more dangerous consequences,
However, in these cases shutdowns do not usually take place immediately, but they are effected during cer-
tain hours in order to take into account the operating requirements of the users. Thus, on power. stations
feeding into the grid system, shutdowns for maintenance in such cases are coordinated provisionally with a
grid system dispatcher and account is taken of the grid load, for the possibility of shifting beyond the peak
loading period. It may be mentioned for correctness that, during the operation of modern power generating
units with a capacity of 300 MW, such delays in a shutdown occur with a leakage through a damaged tube of
up to 20 t /h,

It is obvious that in nuclear power stations there is the same attitude toward similar leakages. For
the closed circulatory loop of a water-cooled /water-moderated reactor, only leakages are classified as
nsmall® which do not lead to a reduction of pressure in the circuit; in the contrary case, the emergency .
protection system operates, with shutdown of the reactor. However, in this case of reactor shutdown, -
safety is not completely guaranteed because when the pressure in the circuit is reduced to the saturation -
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pressure corresponding to the temperature of the circulating water, steam generation will take place in the
reactor vessel and, as a result of this, the danger will arise of steaming of the active zones with heating up
or even burn-out of the fuel elements, Therefore, when the pressure in the circuit is reduced to a speci-
fied limit, an emergency reactor cooling system is switched on automatically. For this, the required quan-
tity of water containing boric acid (in order to exclude nuclear reactions in the active zone (2]) is supplied
to the reactor vessel from special reservoirs by means of emergency electric pumps.

with the appearance of hot water leakage from the loop, steaming occurs and, at the same time,
radioactive contamination of the corresponding location occurs. In order to localize this hazard, the
places through which the conduits carrying the hot radioactive water pass are made hermetically tight,
Moreover, they are provided with sprinkler devices for spraying cold water for the purpose of condens-
ing any steam which is released by the leak,

The emefgency cooling and hazard localization systems mentioned are designed to operate on the
appearance of a significant leakage of hot water from the reactor circuit, including damage or fracture of
any small-diameter pipe and, in our opinion can be regarded as the second radioactive safety barrier.

It should be emphasized that the efficiency or, more precisely, the effectiveness of this barrier is
determined, as in the case of the first barrier mentioned above, also by the reliability of the electric
power section, including the power supply to the electric motors of the emergency pumps. In order to
avoidinterruption of the power supply to a number of important consumers, an emergency electric power
supply is provided for reactor shutdown in these circumstances, in the form of a large battery of accumu-
lators, calculated to operate for approximately one hour, and Diesel generators designed for continuous
operation over several hours or even several days, It is obvious that the importance of this plant is enor-
mous, just like the electrically powered safety control, as a whole, in the radioactive system in nuclear
power stations. The main specific difficultly consists in that-the emergency equipment mentioned is
located in a deep emergency system. At the same time, in accordance with its purpose, it must always
be in complete readiness. Therefore, a systematic check of the readiness of this equipment, in particular,
is exceptionally important under normal operating conditions of the nuclear power station,

The concept discussed is completely logical and conclusive. It can be assumed that it has found wide
recognition among specialists and that it is used in practice. Nevertheless, in designing nuciear power
stations with pressure-vessel reactors in the USA, one further safety barrier has received widespread
recognition — protective envelopes (the so-called containment vessels), intended to retain the steam re-
leased from the entire bulk of hot water contained in the hot water loop. As reported in primary sources,
for this, one must bear in mind the case of total transverse rupture of the main duct of the circulatory loop,
with the discharge of vaporizing water from both ends of it.

The majority of experimental reactors, and also plutonium production reactors have been constructed
without containment vessels. Gas-cooled power reactors without containment vessels have been constructed
in England and France, Containment vessels appeared for the first time at the Shippingport (USA) reactor,
where three were installed — one above the reactor and two correspondingly above each of the two steam
generators. In connection with this, one of the Westinghouse technical directors, I. Simpson, said at the
time [3]): "It is obvious that containment vessels are expensive and will be phased out with time. We con-
sider it to be extremely improbakle that these devices would ever function. But in order to double the
safety in this first commercial nuclear power station, we consider it necessary to construct these expen-
sive facilities. "

Since that time, American firms have continued to construct and improve containment vessels. For
example, in the latest design of a containment vessel built by the firm of Westinghouse [4], ice condensers
are being installed (around the perimeter), intended for rapid condensation of steam escaping as a result of
bursting of the primary loop duct. The total weight of ice amounts to 1000 t, It is contained in the form of
fine pieces in wire baskets at a temperature of —10°C approximately, which is achieved by means of con-
tinuous blowing with cooled air and also by suitable thermal insulation structures, At the Sequoia (USA)
nuclear power station, the ice condenser for the 1125 MW unit with a water-cooled /water-moderated reac-
tor consists of 24 moduli, each having cross-sectional dimensions of 4 x 4 m approximately and a height
of 24 m. Thus, I. Simpson's forecast relating to the rejection of containment vessels has not come true in
American practice.

Let us consider now the question of containment intrinsicaily. As already mentioned, the advisability
of this problem is motivated by the assumption of total rupture of the primary duct of the circulatory loop.
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Because of this, we recall that in the Novovoronezh nuclear power station the primary circulatory duct of
the VVER-440 reactor has an external diameter of 560 mm and a wall thickness of 32 mm. For the VVER-
1000 project, the primary pipeline will operate at a pressure in the first loop of 150 atm, its internal diam-
eter will be 850 mm and the wall thickness 55 mm. The circulatory pipeline in the Sequoia nuclear power
station operates at a pressure of 175 atm and its diameter is 740 mm. Thus, it is obvious that the primary
ducts of power-generating reactors are related, in their dimensions, to a class of pressure vessels, The
reactor vessel is also related to this class, rupture of which is excluded according to present day concepts.

In view of this, on the basis of the existing formal logic, the obvioﬁs scientific intension would appear
to be that rupture of these ducts should also be assumed to be excluded.

But, of course, experience here is decisive. According to verbal information from the Deputy Head
of the Division of Boiler Inspection (Kotlonadzor), L. B. Segalov, during at least 13 years in steam boilers
there has been no first category emergency (according to after effects). " Accidents from rupturing of drums
have occurred earlier, on fire-tube horizontal boilers and also on vertical boilers of the Shukhov type.

The cause of these accidents were oversights of the water level, the formation of a layer of scale and caus-
tic embrittlement in riveted seams. As a consequence, production of these boilers was discontinued in the
USSR and they were replaced by DKV low-capacity tubular steam boilers of the Biisk boiler factory, which

are safer in these respects. ' :

The degree of reliability of operation in industry of tubular steam boilers can be defined in that of
50,000 twin-drum tubular DKV boilers, manufactured by the Biisk boiler factory since 1950, not a single

‘boiler has had an accident of first category nor has a single drum ruptured. The drums of these boilers

are rolled from a sheet of boiler steel, they have longitudinal and transverse welded seams and welded
spherical bottoms. The drum diameter is 1000 mm and the wall thickness is 13 mm. The boiler tubes,
with a diameter of 51 mm, are secured in openings of the drum with expansion, so that the calculated
attenuation factor (weakening factor) from the openings is 0.5. The boilers operate up to a pressure of
13 atm. The overall length of the 50,000 DKV boilers amounts to about 400,000 linear meters.

It is more convenient, according to wall thickness, to compare as containers the circulating ducts
of nuclear power stations with the drums of high-pressure steam boilers. In the USSR, these drums are
manufactured from carbon steel 22K at a pressure of 115 atm, with internal diameter 1300-1600 mm and
wall thickness 70-90 mm. The drums of boilers at a pressure of 155 atm with internal diameter 1300-1800
mm and wall thickness 90-115 mm are made of 16 GNM steel. A large number of these drums have been

_operating in our electric generating stations during approximately 20 years without accidents caused by rup-

ture of the welded seams or of the walls. Nevertheless, with drums of 16 GNM steel, considerable diffi-
culties were experienced at first (this steel is a new one, developed by the Central Scientific Institute of
Technieal Information for Machinery Manufacture (TsNIITMASHem). Longitudinal surface cracks appeared
on the inside wall of drums made from this steel, sometimes several mm in depth. In order to prevent
possible complications or accidents, these cracks which were revealed by inspection during installation of
the boiler, were removed by grinding with an abrasive wheel down to intact metal and without subsequent
filling. Further, in order to increase reliability, the wall thickness of these drums was increased by 13
mm. Moreover, this steel was produced for them by only one factory.

Accidents in steam boilers in industrial plants and in the Minénerge system of the USSR, with rare
exceptions belong to the second category according to consequences. Mostly they are expressed in over-
heating of the DKV boiler tubes because of oversight of the water level through noninspection by the operat-
ing personnel. There have also been accidents from damage to the welded seams in steam tubes, The
appearance of a through transverse crack in the vicinity of the seam is typical of this, as a consequence of
unsatisfactory heat treatment of the regions of the conduit adjoining a welded seam under assembly condi-

tions. These cracks are revealed by leakage and they sometimes reach 1/3 of the circumference in size.

In addition, numerous cases are known of damage of a different nature to small diameter pipes under
operating conditions of steam power plants. After a long period of service, the thin-walled pulse tubes
which lead to the flowmeters and manometers, corrode, The elbows of the bypass and drainage pipes un-
dergo internal erosion due to the movement in them of the steam-water mixture at a high flow rate. Fatigue
cracks appear at the transverse seams of fine pipes because of normally imperceptible vibration. Damage

. to these pipes occurs as a consequence of unsatisfactory compensation of their thermal expansions.

702

Declassified and Approved For Release 2013/02/21 : CIA-RDP10-02196R000400040001-6



Declassified and Approved For Release 2013/02/21 : CIA-RDP10-02196R000400040001-6

Under operating conditions, damage is encountered which arises from factory defects: for example,
the use of fine tubes and accessories with imperceptible internal defects; imperceptible "undercuttings®
during working of the connecting pipes of accessories, which become concentrators of mechanical stresses;
low-grade bends of tubes in the cold state, which may lead to considerable thinning of the wall and, at the
same time, to a decrease of its elasticity; this is especially dangerous in the presence of bending stresses,
It is well-known, in particular, that as a result of the latter cause, cases have occurred in our "old" high-
pressure steam generators of fractures at the bends of unheated tubes with external diameter of 133 mm
and with a wall thickness of 10 mm, made from boiler steel 20.

For even larger ducts (such as the main circulation ducts of power generating nuclear reactors with
water cooling), the most probable cause of their damage with the appearance of cracks are only thermal
stresses, associated with their thermal compensation. From this point of view, there is a definite value
for the freedom of box-grouping of the pipes and which is characteristic for our nuclear power stations. In
the case of construction of a containment, constrained grouping of pipelines is inevitable, in consequence
of which their operating reliability, at least according to this assessment, is correspondingly reduced. At
the same time, constrained grouping of plant under containment and especially under structures whichare
dependent on the conditions of their leak-tightness, considerably complicates the operation of nuclear
power stations. This concerns monitoring the state of the plant, which is carried out periodically in some
or other established order, including work due to maladjustments, and also during startup of the plant after
temporary shutdown or after repair, when personnel inspection by specialists is necessary. This relates
also to various maintenance operations. In carrying out the latter on radioactive plant, the most impor-
tant factor is the total expenditure of time, as the radiation dosage for maintenance personnel is approxi-
mately proportional to this time. It is well-known from experience, that in order to shorten the time of
maintenance, suitability of procedure and access to the plantare of first degree importance and, especially,
freedom for carrying out work on the disassembly and removal of one or other damaged unit, and also the
delivery and installation of a new unit. Because of this, it is relevant to assume that with respect to main-~
tenance conditjons for radioactive plant at nuclear power stations, it is essential to have convenient and
maximum possible freedom of grouping of the facilities. '

Thus, the installation of a containment, together with an increase of radioactive safety of nuclear
power stations, involves a number of negative instants which cannot possibly be taken into account, Costs,
even on the design of the containment and its system, on the whole are considerable in absolute magnitude.
Therefore, the advantage of installing a protective envelope is not only not obvious but, to a certain extent,
it is even doubtful,

The practice of constructing protective envelopes inthe USA is associated, first of all, as already
mentioned, with the history of the problem or, more precisely, with the start of construction of nuclear
power stations, when "double safety" also was important for social opinion in the USA. In connection with
this, reference should be made again to Simpson, who from the very beginning drew attention to the fact
that in essence protective envelopes for nuclear power stations are not necessary. But, up to the present
time, American specialists have emphasized invariably that protective envelopes in nuclear power stations
are to be constructed in case of: "the improbable fracture of the circulatory duct of the reactor" [5], or.in
case of "hypothetical fracture of the reactor ductr [6]. Obviously, it may be supposed that the continued
construction of protective envelopes is also associated with the caution which naturally exists with the doc-
trine of safety on the one hand, and with the technology of heavy machine construction on the other hand,

In pressurized installations (especially thermal), relative to conditions of strength, an excessive in-
crease of pressure is the most dangercus. According to statistical data of Kotlonadzor, accidents from
this cause with fracture of one or other unit of the plant are still occurring. The majority of cases are due
to the fact that with controlled hydrostatic molding, wedging of safety valves is practised and after molding
in haste, it is forgotten to unwedge them.

Of course, such cases are possible only on subsidiary industrial plants with a correspondingly low
level of operation. As far as we know, such cases have never occurred in domestic thermal generating

- stations. It is obvious, that nuclear power stations in relation to operating level, should be at least no less

than the State Regional Electric Power Stations, Nevertheless, as applied to nuclear power stations, this

situation is worthy of specific attention. It should be noted that the dangers associated with it can be elimi-

nated by the installation in the reactor circuit of two groups of valves — dump valves and emergency valves

— designed so that the latter operate at a somewhat higher pressure than the former, In this case, the
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limiting pressure for the dump valves is set at the normal level. In case of nonfunctioning for any reason
whatsoever in an emergency situation, the emergency valves will operate at a somewhat higher pressure.
We recall that in the circulatory loop of the reactor at the Sequoia nuclear power station, both these
groups of valves are present.’

In relation to mechanical strength, the most important and decisive factors are the choice of materials,
the technology of manufacture of the plant components, and also the methods for their assessment. As ap-
plicable to nuclear reactors, the latter have been extended recently with the introduction of a computa-
tion on the limiting state, developed by N, P. Meltnikov [7], which will provide an additional guarantee of
the operating reliability of the reactor ¢irculatory loop.

Only a part of the problem being considered here has been touched on. Actually, the urgency remains
for further improvement to some or other degree of all systems as a whole, which will ensure in our nu-
clear power stations in emergency situations, thé necessary cooling of the active zone and also will prevent
the escape of radioactivity beyond the bounds of the nuclear power station itself. In this respect, it can be
assumed that the system of box-grouping of reactor plant has been successfully and completely accepted in
the USSR. A logical extension of this may be an additional system for steam condensation in emergency
conditions by means of a water bubbler, located in an annex. It is important, that in the counterpoise to
the protective envelope of this type of system, it does not affect at all the grouping conditions of the main
ducts. Nevertheless, by choosing the dimensions of the water bubbler and taking account of the pOSS1b1l1ty
of rupture of the main duct, the "double safety" which has been mentioned is ensured with this type of sys-
tem.

Thus, the advisability of double safety is motivated by universal practice in the design of nuclear
power stations and is intended for their widespread construction. It should be noted that any discussions
whatsoever in this connection have almost no significance at the present time. But in spite of our confi-
dence in the fact, that with the present-day level of technology, the possibility of rupture of the main duct
is improbable, they, undoubtedly, remain valid.
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LOW-TEMPERATURE SPECIFIC HEAT AND
THERMODYNAMIC FUNCTIONS OF
URANIUM BERYLLIDE

O. P. Samorukov, V. N. Kostryukov, UDC 669.2 /85:669.822:536.63. 7(083)
F. A. Kostylev, and V. A. Tumbakov ‘

Of the fundamental the}'modynamic constants for uranium beryllide UBe,; only the heat of formation
{1] and the entropy at standard temperature, found by the calculation method of {2], are known,

In the present paper we present experimental data on the specific heat of UBe,; in the 13.,5—303.4°K
range and the values, calculated based on them, of the thermodynamic functions in the condensed state in
the 0-300°K range.

Preparation and Identification of UBe,,

To prepare UBe,; we used uranium in the form of fragments cleaned of the surface oxides by elec-
trolytic polishing in H,PO,, and electrolytic-beryllium powder. The impurity content in uranium and beryl-
lium and their assumed phase composition are represented in Table 1,

A inixture of be ryllium (33.09 wt. %) and uranium (66.91 wt. %) in a crucible of BeO was heated in a
quartz ampoule in pure hydrogen (600 mm Hg) at 1300 % 50°C for 1.5 h. Then, the hydrogen was pumped
out at 600°C. The cooled product was ground in purified argon.

An x-ray investigation showed that the sample consists of a single phase — UBe,;. A metallographic
investigation indicated that no visikle impurities were present. The UBe,; sample was analyzed for uran-
ium and beryllium content by chemical methods {3, 4], and for oxygen content by the neutron-activation
method and vacuum melting in a graphite crucible with a platinum bath. We found 66.82% uranium, 32.42%
beryllium, and 0.35% oxygen. The errors in the determination of uranium, beryllium, and oxygen equal

+0.2, 0.4, and 20%, respectively, where for oxygen this

TABLE 1. Content of Impur1ties in Uran- error refers to both methods of analysis. The total con-
ium and Beryllium and Their Assumed Phase tent of the component in the sample (taking into account
Composition the impurities introduced with the original uranium and
Content Wt 7 — beryllium) is 99.71%. ‘ '
Impurity  |in in form |in, in form In the calculation of the phase composition of the
uranium [of phase [beryllum| of phase | sample (on the basis of the composition of the mixture;
the data of Table 1, and the results of the analysis) we
Carbon 6.102] UC 11.10-2|  Be,C . . .
Oxygen 6.10-3 | U0y 22.10—2 BeON took into account the amount of oxygen consumed during
Nitregen 5.40°5} UN - 640~ Be i i : i
Silioe™ . 3.0.10-2 | UsSi o3| 82 its preparatlc?n. 'At the’same t}mej we as.sumefl that the
kon 1,4.1o—§ UgFe 1,4-10—§ Fe oxygen was distributed in a stoichiometric ratio between
N ese Y R e B the uranium and beryllium in the following way:
Magnesium <1-10-3]| Mg 2,3. 10—3 Mg
Copper 9.10-¢ [ UCus 2:8.10-3|  Cu 2UBes3+ 150, — 2UO, - ZGBeO
Chromium — — '3.10-3| Cr
Aluminum — — 7. 10'3 Al
Boron 5:107%} UBg - As is shown by calculations, the sample should

contain 96.73 wt. % UBe;4 and 2.97 wt.% impurity phases;

Translated from Atomnaya Energiya, Vol, 37, No. 1, pp 28-31, July, 1974. Original article -sub-
mitted July 16, 1973.

© 1975 Plenum Publishing Corporation, 227 West 17th Street, New York, N.Y. 10011. No part of this publication may be reproduced,
stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, microfilming,
recording or otherwise, without written permission of the publisher. A copy of this article is available from the publisher for $15.00.
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Fig. 1. Container with flanged seal, 1)
Flange with connecting piece; 2) small
copper sealing ring; 3) body of container;
4) impeller; 5) pocket for thermometer;
6) capillary containing heating element;
7) heating element made of constantan
wire.

the remaining 0.30 wt. %, taking into account possible

0] . , .
errors in the analysis of the sample, refers to UBe,;.
- “.a"’-“ Below we present the composition of uranium beryllide
6 1354 : ’
uo”, 0ot twt. %):
.g / ~ .-
/ UBegz « o ot vvv e 97.03
Lot o Be .. ........... 0.29
= -~ UC. o v vt et e 0.83
a o UgSi o o v hiee et 0.63
S ) v BeO . . . .. ..., 0.47
g2t : M 00 v s e e 0.34
. UgFe . o v viie e 0.24
_ BepC .. v 0.09
e L ] | N R 0.0
0 50 10 #0200 250 T°K TotoMg LLiiIUlUUl oloee
: . oGl e 0.002
Fig. 2. Specific heat of uranium-beryllide R 5+
. sample. ‘* S " Remainder . .. . . .. .. 0.006

Method of Measuring Specific Heat

The specific heat of UBe,; was measured in a vacuum adiabatic calorimeter; the apparatus and meth-
ods * of the work were reported in [5]. The difference consisted in the use of a semiautomatic system of
controlling the adiabatic screens [6] and some structural changes in the container holding the sample
(Fig. 1). First, the container was muffled by a flange, which enabled us to pressurize it comparatively
easily in a chamber with inert gas. The flange was sealed using a copper gasket of thickness 0.1-0.15mm,
slightly coated with a vacuum lubricant. Second, the construction of the heater of the container was
changed. The capillary in which the heating element had been placed was filled with BF-4 adhesive, with
subsequent drying and polymerization, which allowed us to disconnect the platinum—glass from the vacuum
inlets, made the construction more reliakle mechanically and simplified the installation. Third, the con-
tainer surface was silvered to improve its calorimetric qualities. The inside volume of the container was
about 22 cm?, and the weight was 51.81 g. To improve the heat exchange with the sample, the container
was filled with purified helium up to a pressure of 200 mm Hg (at room temperature). - '

*The temperature was measured with a platinum registance thermometer of type TSPN-Z-No. 510, manu-
factured, calibrated, and certified at VNIIFTRI. The temperature in the 12-273.15°K range was measured
in SST — 64 degrees, and above this range — in MPShT — 68 degrees. N '
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TABLE 2. Thepmodynamic Functions and Specific Heat of Uranium Beryllide

1) o0 . o b0 o)

g S I g =8 2 8

o | So| fo P ; 2| S| T8 o P

y 2l 5| 17| % el gl V8| 8| .3 °
® B WE «E | GE “E | tE cE| FE| oE 2k
=~ A T LA 1= o ] w = TS S S O s
0 0, 0 0 0 0 160 69,00 | 6889,8 | 43,062 | 25,94 116,6
5 0,268 0,686{ 0,138 0,130 0,297 || 170 76,40 | 8111,4 | 47,714} 28,67 128,1
10 0,632 3,473 0,347 0,284 0,862 || 180 84,04 9447,0 §{ 52,484 | 31,55 139,5
20 1,950 24,10 1,205 0,720 3,690 || 190 91,84 | 10891 57,324 | 34,52 150,5
30 3,690 67,611 2,255 1,435 8,054 | 200 99,81 | 12446 62,229 1 37,59 160,9

40 6,703 | 173,05 4,326 2,376 13,01 | 210 107,89 | 14101 67,149 | 40,74 170,8
50 10,19 - | 329,95 6,598 3, 1590 18,37 | 220 116,04 | 15854 72,065 | 43,98 180,2
60 13,96 537,48 8,958 5, 1004 23,58 || 230 124,24 | 17700 76,952 | 47,29 189,2
70 17,99 798,98 | 14,414 6,573 29,08 | 240 132,48 | 19635 81,814 | 50,66 197,7
80 22,24 |1117,8 13,975 8,268 35,31 | 250 140,72 | 21653 86,613 | 54,10 206,0
90 26,77 11503,1 16,702 | 10,07 42,55 || 260 | 148,95 | 23753 91,358 | 57,59 213 8
100 31,64 ]1965,1 19,652 [ 11 ,98 50,54 | 270 157,16 | 25930 96,035 | 61,13 221 ,5
110 36,87 |2514,8 22,861 | 14,01 59,89 1| 280 165,37 | 28182 100,65 64,70 228,8
120 42,51 | 3163,3 26,363 | 16,15 70,25 || 290 173,47 | 30506 105,19 68,31 236,2
130 48,58 13922,3 30,171 | 18,41 81,50 | 298,15| 180,12 [ 32452 108,84 71,28 2421
140 55 03 4793, 6 34,242 | 20,78 93, 105 || 300 181,63 "| 32902 109,67 71,96 243,3

8 /' The specific heat of the container itself was measured

' over the entire range of temperatures investigated (13.52-
299.6°K). During the control measurements of the specific
heat of the standard — benzoic acid of mark K-2 — the maxi-
mum deviation from the standard values did not exceed +1%.
We can assume that for measurements of UBe,;, having higher

[~
"33’ thermal conduct1v1ty, the errors appear to be somewhat less
-‘3’ 4= . P because of the decrease in time of establishment of thermal
£ , ’./ equilibrium in the sample.

N 2 :

o,
Uz :/ Results of Measuring Specific .

B 3
s/ | Heat and Calculating the
/ N B
e Thermodynamic Functions
P u'] 2'0 7oK The specific heat of UBe,; (sample weight 43.507 g) was

) . ; measured from 13.51 to 303.4°K at 95 points. The deviations
Fig. 3. Behavior of specific heat of the experimental values from the smoothed curve in the
of [.JBe13 near absolute zero: ®) ex- 50-300°K range did nof exceed £0.5%. A spread of somewhat
perimental points; X) calculated more than 2% was observed for 20-50°K. In the 17-20°K region
from the equation Cp =vT + 3D(6/T); we noted a deviation from the smoothed curve reaching 18%
2) lattice component of specific heat; (an overestimate), which could hardly be a consequence of a
3) electronic component of Spec1f1c systematic error, . Experimental values of the specific heat of
heat, the uranium beryllide sample are given in Fig. 2. ‘

"To convert the Spec1flc heat toa value per mole of sub-
stance we introduce corrections to the Spec1f1c heat of the sample for BeO [7], UO, [8], Be [9] and UN 10,
11] over the entire measured temperature range. The specific heat of the other impurities, owing to the
absence of data in the measured temperature range, was assumed equal to the specific heat of the basic
substance, :

To extrapolate the specific heat from the lower measurement limit to 0°K we assumed that the metal-
lic nature of the compound leads to a notic€able contribution of the electronic component to the specific
heat of the sample. Actually, as follows from Fig. 3, the experimental values of the specific heat for
UBe; at low temperatures (13.51-25°K) can be represented by a sum of electronic and lattice components:
Cp = YT + 3D (6/T). Extrapolation to 0°K according to this equation was made for values y = (3.60 + 1 .21)

107 J /g -atm -deg® and 6 =176 + 5°K. We should note that for berylhum the coefficient for the elec-
tronic component of the specific heat equals 0.226 -10~3 J /g -atom -deg? (9], for uranium it is approxi-
mately vy = 841073 J /g -atom -deg? (the estimate was made from the data of [12]).
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The entropy and enthalpy of UBe,; in the 0-13.51°K range were calculated using the given equation;
above 13.51°K they were calculated by numerical integration of the smoothed curves Cp /T = {(T) and Cp
= f(T). The molar values of entropy and enthalpy of UBe,; at T =298.15°K are computed from the follow-
1ng quant1t1es (in joules): : _
§3.51=0.96£0.25;  Hygp— Ho=7.5+1.8;
SLES _119.243.0;  Hawg.gs— Hyp,g1— 32 440-£580;
8805 15=180.1:£3.3;  Hags 45— Ho=32 450580

(the given estimates are absolute, and are the maximum values possible).

These data refer to the UBe,; sample in which the content of the principal substance with the intro-
duction of corrections to the specific heat for the impurities indicated above can be assumed equal to
98.17%. The error of the molar specific heat of uranium beryllide taking account of the purity of the sam-~
ple, experimental errors, and errors connected with the introduction of the corrections, does not exceed
2%. | »

The thermodynamic functions calculated based on the specific heat obtained in the 0-300°K range are
given in Table 2,

The values of specific heat and entropy can be determined somewhat more exactly at 298.15°K, since
at this temperature we know the values for the entropy and specific heat of UsSi [2] and UC [2, 13, 14] (the
data of different authors differ by up to 10%), and also values of the entropy of UiFe [2] and Be,C [15], ob-

.tained by a calculation method.

The final values for Cp and S at T = 298.15°K in this case are assumed equal to 244 3+ 2.5and 182.8
+ 1,7 J/mole -deg, respectively,

v In conclusion the authors thank N. Kh. Samorukov, V. G. Shlyakov, A. G. Medvedevaya and
V. I. Grishin for help in the study.
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INCREASING THE EFFICIENCY OF SEPARATING
ISOTOPE-CASCADES BY USING STEPS WITH
MORE THAN TWO EMERGENT FLOWS

N. A, Kolokol'tsov* : UDC 621.039.31

In the ordinary type of isotope-separating cascade, a flow L of the mixture to be separated, with a
concentration of the light component equal to ¢, passes in to each stage, while two flows — an enriched
flow 9L with a concentration ¢ and an impoverished flow (1— ) witha concentration c— — pass out; in passing
along the separating channel, the mixture is impoverished with respect to the light isotope. As a result
of this, the concentration of light isotope in the flow passing through the boundary of the channel in the
cross section under consideration diminishes. This has the effect that considerable mixing of the light
fraction takes place in the flow within the actual separating stage, and as the degree of impoverishment
increases along the channel this leads to a reduction in the enrichment effect, This mutual relationship
between the processes of impoverishment and enrichment leads to a loss of separating capacity, which,
for a specific productivity of the separating stage, is proportional to 676%, where 6% =ct—c = g(1-6) /9
‘In 1/(1—8)c{l—c)), 6~ =c—c~ = ggIn1/(1—0) (e(1—c)) [1, 2]. In symmetrical cascades in which the flow in
each stage is dividedintwo, this internal mixing leads to the appearance of a factor In2 [6t]= gjln2¢ (1—c) in
the enrichment function (this being the so-called logarithmic effect), and the separating power is reduced
by a factor of In*2, i.e., it is roughly halved. The mixing losses may be reduced by introducing asym-
metrical cascades in which the enriched flow from the n-th stage is passed into the n + k-th stage, and the
impoverished flow into then—(p—1)th, where k =1, p = 2 {2]. The most favorable flow separation coeffi-
cient 6 is approximately equal to 0.8 (k =1, p = 5), the separating power increasing relative to the sym-
metrical cascade by 33% [1-3], although the main proportion of the effect (~ 26%) is achieved for 6 = 2/3
(k =1, p=3). This version is constructionally far simpler and clearly more desirable [2]. The use of
asymmetrical cascades does not actually eliminate the logarithmic effect, but provides an optimum com-
bination of two asymmetries: that of the separation process, and that of the manner in which the stages are
connected together. [n an asymmetrical stage with 6 > 0.5 the internal mixing is greater than in the sym-
metrical stage, while the separating power increases owing to the intensification of the process of im-
poverishment along the channel,

There also is a fundamentally different way of increasing the separating power, based on the use of
stages with three or more outflows. A stage with three outflows is shown in Fig. 1. In this system, the
flow of the mixture to be separated, passing through the boundary of the channel 6L, is in turn divided into

' two flows ®6L =D and (1—-n) 6L = E with a concentration
. , of ¢ + 6+ and ¢ + 6% respectively, in which the 6+ for n=1
ID mx8L,04 F(H) oL,ct is greater than the 6 for » =1, which corresponds to the
ordinary stage with two outflows, and clearly 6+ > 69,
Thus the idea of introducing several outflows with respect
to the light fraction enables us to reduce the internal mix-
———————————————— — ing, while keeping the degree of impoverishment of the
Ly B=(1-8)Lyc-6° flow along the channel constant. If in the limit we take
- ™ the number of outflows to infinity, we may entirely elimi--
nate the logarithmic effect. This possibility was considered

Fig. 1. Stage with three outflows. - #*Deceased,

Translated from Atomnaya Energiya, Vol. 37, No. 1, pp. 32-34, July, 1974. Original article sub-
mitted March 3, 1974.
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TABLE 1. Versions of Cascade Schemes theoretically in [3] for one of the cases of flow combina-
Version By is fed [Episfed |Dp is fed iy tions.
to stage |to stage [lo stage Thus, by selecting the corresponding values and
Firg et 1 ni2 ilo an appropriate method of connecting the stages into a
Second n_?9 n41 nt2 | 1|1 cascade, we may achieve a material reduction in the
Third a1 n n+1 | o0fo total flow of the cascade, "this being an important inte-
Fowth - n—2 " a4t [ O] grated characteristic (the quantity in question is propor-

tional to the number of separating units and the energy
consumed by the installation).

With increasing number of outflows the number of possible connecting schemes between the stages
also increases; however, this process leads to additional difficulties of analysis. The complication of the
schemes certainly increases the cost of making the apparatus and makes its applications more difficult,

In this paper we shall consider the simplest stage-connecting schemes with limited numbers of flows which
may be realized in practical cases without serious difficulty.

Let us consider four versions, In all these versions the stage has three outflows (Fig. 1). The flux
Bj = (1-0) Ly, passes either to the previous (n—1)-th stage or the (n—2)-th. The enriched flow E, passes
either to the next (n + 1)-th stage, and correspondingly D, to the (n + 2)-th, or else Ej, is fed to the inlet
of its own n-th stage and correspondingly Dp to the (n + 1)-th. The balance equations of the total flows and
the flows of the valuable component of the mixture in the section between the n-th and n + 1-th stages for
‘all four versions may be written as follows: :
. » $Dn 1+4-Da+8En—Bny—~tBnia= P, ’ (1
A $Dn_1 (en-14-6;_)) + Dr (¢n + 83) + 8En (e +83) — Brys(€nss— 87y ) — tBria(€nia— 8;,,) = Pep. - (2)
-Here the quantities s and t have the specific values given in Table 1 for each version.

It is easy to show that the third version with ® = 1 corresponds to the ordinary cascade with two com-
municating channels in the cross section, while the second with » =1 also corresponds to a symmetrical
cascade, but one having four such channels, We also note the fourth version with » = 1; this gives an
asymmetric cascade with ordinary stages and 6 = 2/3,

Considering the separétion coefficients as small for isotope mixtures, and, as usual, neglecting
small quantities of higher orders, we obtain _
' Sh=08_,=...=6"
Dn: Dn_1=.. .« =D,

dc
Cnei—Cpnog=Chn—Cp_qg==..,.= n ete,

Then Egs. (1) and (2) may be rewritten in the form
(1+5) D4+sE—(1—t) B=P 0, o | (3)
(1 +8) DS" + 5B + (1 +1) B8~ — - [sD + (1 + 21) Bl = P (cp— ). (4)

In the same way as for stages with two outflows, we may integrate the equatioh for the change of flow
along the surface of separation and obtain an expression for the stage with three outflows:

8t =¢goc (1 —¢) E;B In D_E*_f_;B ' (5)

E4B
Eip (6)

" ==gue(l—c)ln E;B , (7

6°=soc(1—-c)%ln

where g is the primary enrichment coefficient. Replacing D, E, and B in Eq. (3) by their values as indi-
cated in Fig. 1 we have ,
' (1+5)xB+s(1—x)0—(1+2)(1—0)=0,

. whence

R
o=t @
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TABLE 2, talcuiation oOI vascaae dcnemes

"
0,1 0,2 0,3 0.4 0,5 0,6 0,7 0,8 0,9 g
o/f2 | 6 |a/pe| 6 |a/p2| 6 [a/B2| 6 |a/B2] O Ja/p2 9 a/p2| © |«/p2| © |ap2] O [o/f2) @

No, of
version

First - |1,048]0,476/1,093(0,455/1,13810,435|1,182(0,417|1,2270,400[1,272]0,385]1,319]0,370]1.365(0,357[1,413/0,345]1,4600,333
Second }0,799|0.645(0.807|0.625/0,819]0.6060,835(0,588/0,854[0,571{0.877|0,55610,903)0,541{0,932(0,526]0.96410,51 3|1,000{0,500
Third 0,941(0,909(0,789(0,833(0.760(0.769|0,767]0,714/0,791}0.667|0.823)0,625(0,862(0,5880,905/0,555[0,9510,526/1,000j0,500
Fourth  |0,948/0,952|0.72810.909]0.6600,870]0,638/0,833|0,638]0,80010,652(0,769|0,675/0,741{0,707(0,714/0.748{0.690/0,796(0,666

After an analogous transformation of Eq. (4) with the aid of (5)-(8) we write

de 2P
o = = 2Beec (1 —¢) — - (cp— ), (9
where
_ (%) (1428 ' ’
o= kb sti+H1 ! 10
_dtsttd—n) wbs 1 (A+s+8) (49, xts+iti .
p= ?c-}—s-{—'t—i—i In 14s+t(1—x) + wtstt+1 In %+s : an

Equation (9) gives the concentration distribution for all versions of connecting the cascade stages
under consideration. One characteristic of these schemes lies in the fact that three (rather than two) flows
join at the entrance to each stage. If we introduce the concept of an ideal cascade, without any mixing of
the concentrations at the inlet, we require that the concentrations of all three flows should be equal. It is
not hard to show that a condition of this kind is quite impossible to fulfil, or, to be more precise, if it were
fulfilled then the stage with three outflows would degenerate into an ordinary stage with two. Hence in anal-
yzing the efficiency of the type of cascade under consideration we must abrogate the principle of nonmixing
of the concentrations and confine ourselves to the less rigorous condition of 2 minimum total flow when
working to specified external conditions. The imposition of this condition [3] is equivalent to finding a mini-
mum of the function L in Eq. (9). This function depends on the variable o /B% which varies over the range
n, and also on s and t, which take fixed values for each version of the schemes in question.

Table 2 shows the results of some computer calculations. All the values of the function /8 are
referred to its value corresponding to the ordinary symmetrical cascade (third version » = 1); the cor-
responding values of 6 are also given., Of greatest interest are the third and fourth versions. The third
version belongs to the series of combinations considered by Bouligand {3]. For an optimum value of »
slightly greater than 0.3 the total flow diminishes by roughly 32%, i.e., almost the same as in the asym-
metrical cascade consisting of stages with two outflows for 6 = 0.8. The most efficient is the fourth ver-
sion, which for % =~ 0.45 gives a 57% reduction in total flow. For this version the merits of the stage with
three outflows and the merits of asymmetrical cascades are advantangeously brought together. It is in-
teresting to note that the optimum result is obtained for a 6 value of the order of 0.8, i.e., the same as in
ordinary asymmetrical cascades, but with a less severe constructional complication [the back flow is
passed not to the (n—4)-th but to the (n—2)-th stage]. It should be noted that the resultant optimum rela-
tionships may change slightly on using the gas-diffusion method of separation, if in effecting the optimiza-
tion we consider not only the total productivity but also the area of the porous barriers,
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PRODUCTION OF ULTRACOLD NEUTRONS IN A
STATIONARY (STEAD Y-STATE) REACTOR OF
THE VVR-K (WATER-COOLED, |
WATER-MODERATED)T YPE

E. Z. Akhmetov, D. K. Kaipov, UDC 539.125.5.162.2:621.039.524. 24
V. A. Konks, V. I. Lushchikov,

Yu. N. Pokotilovskii, A. V. Strelkov,

and F. L. Shapiro*

i .
nUltracold" neutrons are those experiencing total reflection for any angles of incidence on a vacuum-
matter or vacuum-magnetic field boundary and having energies of

h2 .
E<Ey,,=5.—Nb+pB, - (1)

where N is the number of nuclei in unit volume, b is the coherent scattering length, m is the mass of a neu-
tron, h is Planck's constant, p is the magnetic moment of a neutron, B is the magnetic induction, the signs
plus and minus relate to two orientations of u relative to B.

This phenomenon of total reflection may be used for separating and storing such neutrons, either as
‘a result of nuclear interaction with matter [1], or as a result of interaction with a magnetic field [2]. Equa-
tion (1) determines an energy range of ultracold neutrons until recently inaccessible on account of the diffi-
culty of producing them,

The possibility of extracting and storing ultracold neutrons using nuclear interaction with matter was
first verified experimentally in [3] using a reactor of the IBR class. Then some experiments with ultra-
cold neutrons were carried out in the radial channels of a stationary reactor of the IRT type [4]. Neutrons
with low energies close tothe "ultracold" region were used in [5] to verify the 1 /v law; certain characteris-
tics of the behavior of ultracold neutrons were noted in {6, 7].

At the present time a first-order problem is that of creating fairly strong sources of ultracold neu-
trons. However, no methodical stage has yet been reached in the solution of this problem. In order to ob-
tain ultracold neutrons the execution of methodical and scientific investigations in the VVR-K reactor has
a number of favorable aspects. In particular, the open channel, tangential to the active zone of the reactor,
with its comparatively large diameter (193 mm), enables us to increase the efficiency of the source by in-
creasing the working surface of the ultracold-neutron converter and detector and reducing the losses in
transporting the ultracold neutrons along the neutron guide.

In this paper we shall describe an apparatus for producing ultracold neutrons in the open horizontal
tangential channel of 2 VVR-K reactor and shall present some initial results,

Desc¢ription of the Apparatus

The arrangement of the apparatus is illustrated in Fig. 1. In the open tangential channel 193 mm in
diameter we place an aluminum tube(5), 8 m longwithan external diameter of 187 mm and a wall thickness
of 3 mm. On one side of the tube in the center of the channel is the framework of the converter (ultracold
npeutron source) 4, 175 mm in diameter; either liquid nitrogen from the cooling system 7 (in the presence

*Deceased.

Translated from Atomnaya i:nergiya, Vol. 37, No. 1, pp. 35-38, July, 1974. Original article sub-
mitted September 19, 1973.
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‘Fig. 1. Arrangement of experimental apparatus: 1) Active zone of the reactor;
2) lead layer 50 mm thick; 3) copper cylinders; 4) ultracold neutron conver-
ter; 5) aluminum tube; 6) open tangential reactor channel; 7) converter cooling
system; 8) direct-beam shielding; 9, 10, 11) water, cast iron, and concrete
shielding of the reactor respectively; 12), 16), 17), 19) copper parts of the neu-
tron guide; 13) copper foil; 14) aluminum tube; 15) vertical part of the neutron,
guide for evacuation; 18) ultracold neutron detector; 20) system for filling with
helium and monitoring the helium pressure.

of a solid moderator) or else liquid moderator pass to the converter along special tubes. From the other
direction copper cylinders 175 mm in diameter, made of sheet copper 0.5 mm thick, are inserted into the
tube 5 as far as the middle of the channel, Then the copper parts of the neutron guide, made of M2 type
copper tubes 200 mm. in diameter, are successively joined to this tube at the flanges. All the inner cop-
per surfaces of the neutron guide are successively polished by chemical and electrolytic processes.

An additional aluminum tube (14) serves to reduce the background of scattered neutrons with ener-
gies E> Eljpy from the direct beam. In order to reflect the ultracold neutrons with E = Ejjy a copper foil
(13) 50 u thick is placed between the copper part of the neutron guide (12) and the tube (14). '

For the diffuse réflection of neutrons from the walls of the neutron guide in transmission there is no
major difference between the smooth bending of the tube indicated in [3, 4] and the direct rotation employed
here. -

The whole system is evacuated through a vertical internally polished tube (15) 135'mm in diameter,
using a diffusion pump. In order to prevent oil vapor from falling on the copper surfaces and the conver-
ter, nitrogen and semiconducting traps are provided.

-

The working vacuum in the system is 5-10~* mm Hg.- The total length of the copper neutron guide is
a little greater than 6 m. )

The ultracold neutrons from the converter (4) are transported along the neutron guide to the detector
system (18), within the jacket of which lie two FEU-13 photomultipliers with 7nS scintillators covered with
a thin layer of a lithium compound (~0.05 mg /cm? Li) enriched with the Li isotope [3]. 'The detectors are
in turn covered with a thin (10 p) copper slide, The pulses from the detectors are fed through amplifiers
and discriminators to scalers or to a multichannel AI-100 pulse analyzer,

.t
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@ neutrons/cm? +séc . - In certain measurements high-purity helium from
‘the ﬁlling system is passed into the neutron guide,

N
)

Measurements and D1scuss1on

“In order to calculate the expected yield of ultracold
neutrons and the induced ac_t_1_v1_ty in various parts of the
. equipment, the distribution of neutron flux along the tan-
gent1al channel was measured by the method of radioactive
_indicators (8]. ‘For relatwe measurements we used copper

L "¢ indicators (5 mm in diameter and 15 y thick). The absolute
. S values of the neutron flux were obtained by measurements
! ) ] [ IR 2
20 Im ” T with gold indicators 0.26 mg/cm?* thick at the ends of the
Length, 'y tangential channel: and in one of the. vertxcal channels. The
gth,cm r-*x. . \
thermal neutron flux distribution-was determined from
Fig. 2. Thermal neutron flux d1str1but1on measurements with indicators;: elther inside cadmium
along the open tangential reactor channel jackets or thhout any cover TR
for two conflguratlons of the reactor act1ve N
- zone. IR RS Figure 2 shows the thermal-neutron flux distribution
T e _,--‘-_‘-L . along the tangent1al channel In the center of the channel
ST AT the thermal-neutron flux equals (2.4 + 0.3)-10'2 and (4.8
-l £0.4) - 10'2 neutrons /em? - sec respectively for two typical

configurations of the active zone' of the reactor. The mean square errors of measurement, allowing for
the normalization error, are indicated in the figure. The installation of a water moderator 175 mm in
diameter and 300 mm’long inside'the channel contrary ‘to’ expectatmn +did not lead to any marked increase

1

in the thermalneutron’flux IR TEEL PR SN .v.u,‘r_v A L
R R R B AR CO R B SE TN

The energy spectrum of the neutrons in the. tangent1al channel was not measured N !

If we cons1der that a Maxivellian neutron €nergy distribution-is estabhshed in the converter, with a

value of Ey = kT, -then accordmg to (4] the maxxmum flux of ultracold neutrons is Lot
r]l [ P T N A ) ’e ! [ I -y
S O B2 ool | ¢ S 2
Q)UCN —‘d)o ( r N) .Ga-l- S heat S N T B S Rl ( )

where &, is the thermal neutron flux, Elim is the limiting value of the energy, T is the effective tempera-~
‘ture of the incident neutron spectrum; 0., i8 the scattering cross sectlon involving the transfer of energy
from the neutron to the converter; averaged over the thermal spectrum,. "heat is the Scattermg cross sec-
tion involving the transfer of energy from the converter to the neutron, o, is the neutron capture cross .
section. For example, in the case of an aluminum converter at 400°K,- the flux of the ultracold neutrons,

- TR I S Y T T A o : - s e

[ T T S T B TEN

R 2001— , L A ' *

130 | .

) I ST TS PRI b
e . .. ¢, 60 w0 om0 200 200
0 100 200 300 T°K ' Tt Py mmHE oo
F1g 3 Fig. 4
A BV FE TR ST RS | I -
! . o Flg 3. Dependence of the ultracold neutron count rate (counts per 100 sec)
N e .. :on the temperature of a magnesmm converter The theoret1cal curveis

- normallzed to the expernnental value of. I at room temperature o e
1o ‘y . T oL U gy
Fig. 4. Dependence of the ultracold- neutron count rate (counts per 100 sec)

onthe helium pressure in the neutron guide. The theoretical curve is nor-
malized to the experimental value of I for p = 0.

------
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TABLE 1. Ultracold-Neutron Count Rate close to the converter equals 5 neutrons /cm? - sec, which,

on allowing for the transmission of the neutron guide
Converter :::;‘::’:’ Coumt rate, sec™! (~0.2), agrees satisfactorily with the observed value of
e, °K gr:und &ffect the ultracold-neutron flux at the outiet of the neutron

guide,

ﬁzg ;f;lummum ampoule 290 3?8@%,2 6?2“:_“3,,2 Ultracold neutrons were first obtained in the fore-

Aluminum ampoule . 9.040,3| 4,0+0,2 going apparatus and duly recorded in July 1971. By way

Magnesium 320 |5,0£0,2|11,2::0,4 of converters, use was made of water flowing through an

aluminum container with a front wall 250 u thick (water

converter), zirconium hydride ZrH; 4, and magnesium.

Table 1 shows the ultracold-neutron count rate recorded
by a scintillation detector with a working area of 14 cm? for a reactor power of 10 MW. In a four months
work with a water converter and an average reactor power of 2.5 MW, theultracold-neutron count rate re-
mained constant,

Figure 3 shows the dependence of the ultracold-neutron count rate on the temperature of the mag-
nesium converter, The experimental results agree with the calculated curve [9].

In order to estimate the character of the ultracold-neutron diffusion from the converter to the detec-
tor, we measured the relationship between the ultracold-neutron count rate and the helium pressure in the
neutron guide (Fig. 4). The resultant relationship I(Pye) shows that the intensity of the ultracold neutrons
falls by a factor of two if the helium pressure in the neutron guide equals 60 mm Hg. This confirms the
data of [4] and may indicate a considerable proportion of specular reflections from the tube walls.

A vacuum valve between sections 17 and 19 of the neutron guide with an open aperture 100 mm in
diameter for the ultracold neutrons reduced the ultracold-neutron count rate by a factor of two. This also
indicates the considerable proportion of specular reflections from the tube walls during the passage of the
ultracold neutrons through the neutron guide.

A gradual but significant fall in the intensity of ultracold-neutron recording was noted in [4] over
several months; in the opinion of the authors this was associated with the contamination of the surface of
the neutron guide as a result of radiation-induced corrosion. In the apparatus here described there was no
marked reduction in ultracold-neutron yield over six months (for an average reactor power of 2.5 MW).

The ultracold-neutron yield may be increased by cooling a number of converters to liquid-nitrogen
temperature, and also increasing the thermal-neutron flux close to the converter. The efficiency of the
apparatus as a whole may be greatly increased by using ultracold-neutron detectors with a better efficiency
and a greater working area and by improving the construction of the system. According to estimations this
should enable us to record as far as 10° ultracold neutrons per sec on the working surface of the detector.

The results of our measurements of the ultracold-neutron yields from several converters are now
being analyzed.

Thus the foregoing results confirm the conclusions of [4] as to the possibility of extracting ultracold
neutrons from the channels of a stationary reactor. The favorable characteristics of the arrangement
utilizing the open horizontal tangential channel of a VVR-K reactor enable us to solve a number of both
methodical and physical problems.

The authors wish to thank I. M. Frank for interest in the work and also 2all who assisted in its execu-
tion.
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OPTIMIZ ING RESONAT-OR—SYSTEM POWER WHEN
ACCELERATING WIDELY SPACED BUNCHES

V. L. Serov, Yu. F. Orlov, ' . .. UDC 621.384.6
and A, I. Baryshev ‘ : P

Accelerated widely spaced dense charged-particle bunches can have various uses (both sc1ent1f1c and
applied). For example, impact countercollisions of electron and positron bunches allow. one to attain coun-
terreaction luminosities which cannot be attained by other methods (with comparable rf-power expend1tures)
r1] Lo

The process of aecelerating dense bunches is accompanied by intense coherent energy radiation in a
resonance cavity at the oscillation natural modes [2-8]; this reduces the acceleration efficiency and leads
to a need for compensating significant integral energy losses by increasing rf-generator energy.

The integral energy-loss magnitude from a real elongated bunch, like the energy obtained by it from
the field created by an external generator, depends on the number of part1cles and the bunch and resonator
‘geometries. S

The present paper considers the problem of optimizing energy transfer from the generator to the
accelerated bunch, using as an example a system of independent resonators. ‘We assume that the bunches
are rather widely spaced and the generators are turned on only for a certain time 7 before a-bunch’ appears E
in a given resonator and are turned off immediately after its passage. The rf energy remaining in the =

.. resonator after the bunch passes is scattered in its walls and coupling unit in the time interval when the

generator is not operating. Thus, the bunches are not linked to each other through the resonator f1e1d 8o -
that the problem posed is solved for a single bunch, :

Below, we optimize the quantity Tg and find the optimal acceleratlon reg1me for a lmear accelerator )
and also for proton and electron ring accelerators, : : :

In the time Tgs there accumulates in the resonator field energy Wy, wh1ch is then partxally absorbed
by the bunch in time At (we assume that At « Tg). Moreover, some generator energy W, is- absorbed in’
the resonator wall or i8 reflected from it and absorbed in the decoupling assembly. We consider below the
~ case in which the decoupling assembly assures constant generator output power Pg, mdependent of the load-
ing type-

szconst' Wg=Pgt; 0<t< g ' : o .

We know that in this case the voltage on the tuned resonator increases exponentxally when the generator is -
turned on, and the energy stored in it is determmed by the following equation: v

Vz 4 Po. _ } R -
where V,. is the resonator-potential amphtude Cis 1ts equ1va1ent capac1tance wg is'the generato'r fre-
quency; Q, and Qap are the intrinsic and applied Q; Q0 + Qa ; o is the decay decrement taking into
account coupling between resonator and generator. The maximum for the ratio in whxch we are interested
n@t) = We(t) - Wg(t)'1 takes place when t =75 and onTg = 1.25; it i8

Tmax = 0.8204(Qo+Qap- o .'(3)

Translated from Atomnaya Energlya Vol. 387, No. 1, pp. 39-42, July, 1974. Orlgmal art1c1e sub—
mitted June 19, 1973, -
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3 _ R | follows from thxs that the strong-couplmg case 1s
1 : ‘ * optimal: ~ LT AR

N
T
[N

(P,)opt_l 22Wr (rgw/rg 0. 41(qug (r@/QaP’ f( ) -

Thus When the couplmg between generator and resona-

tor increases, the system eff1c1ency ‘increases, and be-
comes greatest when Qap «< Q. Here, to accumulate
L L | L : the required energy magmtude Wp.in the- resonator _

0 12 " s 172 by the generator is-turned on for a time (7 )opt with power
Fig. 1. Function ® = &(h/A; hy /A) when h /A (Pg)opt- "Eighteen percent of the generator energy is.

=1/2(1); 1/3(2); 1/4(3). -1ost mthe resonator walls and to reflectmn (w1th ab--. ..

"~ sorption in the decouplmg assembly) S -

B(h/As bR

-
T

In this case, the transient process proceeds as follows. At the mstant the generator is turned on (t
=0), practically all the power is reflected from the resonator as from a short-c1rcu1ted lme ‘When ant
=0.69, the reflection power with Q; > Qap is close to zero, after Wthh it mcreases anew. The energy .

lost in the walls in the time (Tg)opt i8 much less than W,..

The average energy increment for one of N particles in a bunch havmg length h1 and passmg through
a resonator can be written as follows [2]:

h h
AE_eMM,V cos ¢ — ﬂeoa\l)(-x;—ri), ) . .
sin -n}\’i SlIl—iI‘;}:—1 . N ' } - . <6)
M= 7 s /1/[1= ﬂhi
™ ' T

~ Here, the second term descr1bes losses to coherent radiation; the function P depends on the specific bunch
and resonator parameters; ¢ is the equilibrium phase; q is the reSonator radius; h its width; A is the wave-
length.

Multiplying Eq. (6) by the number of particles’ N and d1fferent1at1ng NAE with respect to N, we find
that the energy transfer from the resonator to the entire bunch is maximal when the following relat1onsh1p
holds [2]: ' S : v

. nsOaMMincoqu L
Nopt—“——‘—W"—~ v o (N

When this relationship is invalid, the acceleration-system efficiency worsens. The average (over the
bunch) energy increment for one particle in the optimal case, ie,, asinEq. (7), is determined by the ex-
pression: '

(AE)opt= eMM1 Vr cosg= 8e2N ¥ (8)

Ngpa

In a linear accelerator, one usually strives to have maximal acceleration rate, so that, in practice, the
assigned magnitude is allowable under field-potential breakdown conditions (V. /h)aj;. Then, it follows
from Eq. (7) that

e (V1) ay =32 MM, (5 005 @ u/"’ (9)

Thus, if the right side of Eq. (9) remains constant (g, h and hy proportional to x), then the wavelength we
choose must depend on the number of particles in the bunch as Ni/2,

The final energy E is determined by the total number of lmear-accelerator resonators:

o L M B _ v r
" E _ neela/M) | £ _ B M T o o (10)
(AE) all 8e2p N MM| cos @ ( ) 11 . R o '
! L a

In the optimal case, when the most energy (takmg rad1at1on into account) is taken from the reSOnator the
efficiency is found as the following ratio: ‘
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S __(NAEyopt _ (NAE)opt
(K)opt— Pg(Tgopt Mmax Wr )
(NAE)opt _ () o (MM cos 92 R,
w, P A
(”)opt=0'6 nmzxcosiz‘p :
o (15 +)
Figure 1 shows the function &; it is clear that its smailest values lie in the intervai 0.8-1 and correspond
to the case when h; /A =1/4-1/2. Here, (®)opt depends, in fact, only on the phase value ¢.

(11

If two linear accelerators are used to obtain widely spaced impact collisions between opposed bunches
(without their secondary use for counterreactions), then the reaction luminosities are, in the optimal re-
gime, as follows:

w2 ONFE g (). (12)

. NEf - e A
L~ 146 ——F (k) =0.696nax —q 55

where s is the transverse (right-angle) cross section of each of the beams at the point where the centers
of both bunches meet; F(0) =1 and as h, increases it decreases slowly; f is the bunch repetition rate; Ei‘g
is the average accelerating-system power. ’

If one assigns the necessary luminosity value L at energy e, the possible focusing area s, and the
maximum value for Fg, then Eq. (12) determines the necessary number Ncos?¢. Having additional physi-
cal considerations concerning the choice of equilibrium phase ¢, we obtain from Eq. (9) the optimal value
‘for wavelength A.

Two accelerated proton bunches can be used after ejection to produce impact countercollisions be-
tween protons and secondary hadrons generated at the target; p, pk, pp, pn, etc., and also to produce
encounters such as 77, * for example. Protons can be accelerated by using high-Q resonators placed
around the orbit and operating at constant frequency. For this, it is necessary only that the field decay in
the interval 6t between two bunches: ¢, 6 >>1. In the time Ot with the generator turned off, it is easy to
achieve the necessary accelerating-field phase change (always less than 7 radians) so that the folllowing
bunch will arrive at the right phase.

, When the magnetic field increases linearly (ﬂ = const), the particle-energy increment per cycle is
(AE)cy =€ /¢(L,RH = const, where L, is the orbit length. In this case, all the equations in the preceding
section are satisfied with the difference that n now denotes the number of résonators in the orbit and E in
‘Eq. (2) must be replaced by (AE)cy.

We will consider a ring accelerator for opposed electron and positron bunches. In this case, due to
synchrotron radiation, the necessary value for energy transfer to a particle per cycle (AE)cy does not re-
main constant, but increases sharply toward the end of acceleration. Therefore, one cannot obtain an opti-
mum, constant efficiency value over the entire acceleration cycle. Taking this into account, we optimize
the r-power magnitude, averaged over the acceleration cycle, We will take E, L), N, and A as given; the
number of resonators in the orbit n is subject to optimization. Energy losses to resonator excitation, on
the one hand, are proportional to their number, while, on the other hand, the rf-energy magnitude needed

" to accelerate a small number of particles (when losses to coherent radiation in the resonators may be dis-
regarded) falls in inverse proportion to the number of resonators in the orbit. However, -if the number of
resonators increases due to decreased magnetic length 27R, then the rf-energy dispersion increases to
compensate for synchrotron radiation.

The generator energy expended during an acceleration cycle (for kpax particle revolutions) and opti-
mized with respect to Ter is '

kmax Emax
Wi~ 1.22nn S W, (k)= 0.61Cnen S V2 (k) dk; (13)
k=1 0

here n, is the number of bunches in the orbit (in the case considered, n, = 2); C is the resonator equivalent
capacitance. Now, we make the following definitions:

_ 1 “(AE)ey , 82N (kb hi(B) \7. 14
Vr(k)— eMM,cosq)[ ncy+ Tigga ‘\P(,‘ Y )J' a4

*A. A. Naumov, whom the authors thank, pointed out that in the method using widely spaced impact colli-
sions, which requires strong focusing of opposed particles, measurements are difficult at small scattering
angles, which is a shortcoming of this method.
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o [AE (K)ley= 30RAH (k)=+-0.88-10" ZW. 4 AE ;) : (15)
where R is the magnetic-track radius of curvature, in km; AH is the field increment per cycle, inkG;E
and AE are expressed in gigaelectron-volts, The second term on the right describes synchrotron radia-
tion in one cycle. The quantity AE gther includes all possible energy-loss mechanism, except for synchro-
tron and coherent radiation in the resonators,

When the bunch-acceleration cycle frequency is f, the average rf-system power is & = Wxf. The
condition for the average-power minimum takes the form:

Emax
o | Viwde=0 "
SR " ‘ '
or
k
r}’ax dk[sezm +(AE)ch I’Sequ;_(AE)cy_‘_ 9 9@Ecy IR7_g 17
0 . Tigga n . Tlgga n ! oR _0'1—] - » ’

For the case when the magnet radius of curvature R = const is considered given, we can find the following
expression from Eq, (17):

hmax 1/2
{ dk(AE)gy "
gpa
Laccz hnopy = "r:lax Zﬂz . (18)
§ die (V)2
5
The corresponding minimal value for the average rf power is;
' Emax
G - 1.22f . Anopt [ (AE)ey | 8e2N
P min = | (Mycos @) ( e neoa‘\P) dk. (19)

£.8-102 _;i. EM*Unc opt

If the number of particles N, the bunch length h;, and the phase value ¢ do not change ovér the acceleration
cycle, then Eq. (19) takes on the form: ’

NEF (O (5 )

7 P : .
P min=1.04 T , (20)
where
' kmax s kmax
F (k) = (Fmax i dk (AEYL,) "+ § (AB)cydk;
h Mk
o v(xs 4)
- h
M?-MfT

Clearly, the minimal-power value is not directly dependent on the wavelength, but is a function of the
parameters h/A and hy /A, the assigned energy increment in the cycle, and the equilibrium phase, How-
ever, the bunch length cannot be assigned arbitrarily; it depends on the phase-stability-region magnitude,
which is 27h; /A< 3¢. The smallest value for the function &/cos?¢ occurs when @ = 30-40°.

If the breakdown voltage (V/h)a)) can be considered given and independent of A, then we again obtain
AZ ~ N. Actually, :

8e2N
(1) (AE)gy+ “regz Popt
B Jan = Lace )

If we take Nnght /e from Eq. (18), then the numerator of this ratio will not depend on N or A. Consequently,
Lace ~ h/V is independent of N and A, and we obtain from Eq. (18): A2 ~ N,

(21)

Equation (18) remains approximately true in the case when the assigned quantity is not R, but the or-
bit length L,,, if only the number of particles is large enough that Lace < mR. In this case R = (L—Lgge
—1) /27 is practically independent of Lacc and can be considered approximately constant (I is the total length
of intervals not occupied by accelerating resonators). If N is so small that Eq. (18) gives Lacge > 7R, then
one should use the general equation, Eq. (17). In particular, if we wholly disregard coherent radiation
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in the resonators (and also magnetic-field variation over time), then when L = const we obtain the familiar
condition :

We will consider a synchrotron with opposed electron and positron bunches N~ = N* = 2- 10'3 E =100
GeV; R = km, magnetic-field sinusoidal-oscillation (with magnetiziation) frequency fy7 = 200 Hz; Hypax
=0.875 kG; Hej = 1.67 kG. In this case, at the end of acceleration, the losses to synchrotron radiation per
cycle are AEY = 4.4 GeV and the particle-energy increment at the end of acceleration is U =1.6 GeV, The
velative energy fraction expanded on synchrotron radiation is rather small and equals W, /E = 0.2, As,g /U
=0.55. WhenA =75 cm, h/A =0.25, and h; /A = 0.25 (in.principle, h; can, with the help of damping, be
made almost constant over the acceleration cycle) from Eq. (18) we obtain n ~ 8- 103 and hn ~ 1.5 km, i.e.,
hn < 7R = 6.3 km. The losses from a single particle to coherent radiation in all resonators are 4.14 GeV
/eyele; (Vp)max = 1.8 MeV; V. /h = 96 kV /cm; the total peak power without generators is equal to 4.5° 103
The average power is F =2.2-10% f W, where f is the bunch-accelerations frequency, f < fy. The
average beam power is 0.64-10% f W; ny,o. ~ 29%. When f = 20 Hz, & = 44 MW, and of that about 13 MW
goes into the beam, ~7 MW to synchrotron radiation, and 16 MW to coherent radiation (the losses AEgther
were considered to be zero), ‘

We note that a similar calculation for a proton accelerator gives xpyay = 37%. The worsened x in the
electron accelerator is due to synchrotron radiation. The small value of this worsening (%electron /Yproton
~ 0.8) is due in the present case to the choice of a high magnetic-field variation frequency fyy (with widely
spaced bunch triggering, f =0.1 ffy). : ‘
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REVIEWS

INTRODUCTION OF THE METHOD OF PREPLANTING

"GAMMA IRRADIATION OF SEEDS AND THE

COMMERCIAL KOLOS GAMMA AP?ARATUS
INTO AGRICULTURAL PRACTICE

N. M. Berezina, A. M. Kuzin, - UDC 577.3:539.12.04
and D. A. Kaushanskii

One of the realistic and extremely Ipromising ways of utilizing atomic energy' in agriculture is the pre-
planting v irradiation of seeds of agricultural plants to increase their yield and improve the quality of prod-
uction.

The possibility of the utilization of ionizing radiation to stimulate development and increase the yield
of agricultural plants has been indicated by the observations of many authors [1-4].

The investigations of N, M. Berezina et al. [5-10] have convincingly demonstrated the stimulating
effect of small doses of ionizing radiation on the yield of a number of agricultural crops. In [11], on the
basis of the analysis of data on the stimulating effect of definite doses of ionizing radiations, it was con-
cluded that only preplanting vy irradiation of dry seeds can be considered as a possible agricultural method.

In 1955, under the general supervision of the Scientific Council on Problems of Radiobiology of the
Academy of Sciences of the USSR, investigations of the method of preplanting irradiation of seeds of agri-
cultural crops were organized in various climatic zones of the Soviet Union: the Latvian SSR, the Gor'kii
region (RSFSR), Azerbaidzhan SSR, Uzbek SSR, etc. At the present time, there are theoretical repre-
sentations of the mechanism of the stimulating effect of radiation on the development of seeds and the yield
of crops [12, 13]. According to the modern data, the development of a plant from a dry seed up to the
moment of ripening of the yield is determined by the following factors.

1. The hereditary program of development, encoded in the DNA of the cells of the seeds, entirely

"determining the sequence of phases of development (formation of morphological forms, initial composition

and type of metabolism of the given plant variety).
2. The influx of nutrients from the external environment.

3. The influx of energy essential for processes of development and synthesis of the basic substances
in the plant,

4, The formation during metabolism of effector triggers — substances thadt produce a specific and
nonspecific derepression of the genes, their deblocking, or the disappearance of inhibitors inducing repres-
sion of genes, which also determines the transition of the entire plant or individual parts of it from one
phase of development to another, i.e., its ontogenesis.

How does preplanting v irradiation of seeds influence these leading factors of development ?

Numerous investigations have shown that the genetic program of development, the code lodged in the
structure of DNA, is practically unchanged at the low doses of irradiation that have a stimulating effect.
Individual, very rare changes in the DNA, arising randomly after irradiation in stimulating doses in few
cells, are repaired by the repairing enzymes or are eliminated in the process of development. On the
basis of numerous studies over many years with stimulating doses of irradiation, the practically important

Translated from Atomnaya Energiya, Vol. 37, No. 1, pp. 43-51, July, 1974, Original article sub-
mitted August 24, 1973.
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conclusion has been drawn that the program of development, encoded in the genotype of the given species
and the given varieties, is preserved at the low doses of irradiation that give an effect of stimulation,

The influx of nutrients to planted seeds and the plants that develop from them is determined by two
circumstances; the content of these substances in the surrounding medium and the permeability of the seed
coat and numerous biomembranes of its internal structures, Of course, preplanting irradiation of seeds
has no influence on the content of substances needed by the plant in the surrounding medium; all the require-
ments for fertilizers, moisture content, and working of the soil remain in force. However, the changes in
the permeability of the biomembranes after y irradiation, demonstrated in a number of experiments, and
the acceleration of the influx of nutrient substances from the surrounding medium into the tissues of the
developing seeds and plants will play an important role in the stimulation of germination and development
of the seedlings. The third factor — the influx of energy — is provided for during the period of ontogenesis
through the energy of sun rays, accumulated in the process of photosynthesis, and in the initial stages of
germination, through the energy of stored nutrients consumed in the process of respiration. Of course,
the energy of the absorbedy quanta is immeasurably small in comparison with these sources and is not a
direct cause of stimulation; however, indirectly by inducing an acceleration of the utilization of stored
nutrients and a more rapid and intensified formation of chloroplasts, as well as by increasing the leaf sur-
face, it promotes a better assimilation of the energy of sun rays during the process of photosynthesis,
which makes a significant contribution to the stimulation of development and the formation of the yield.
The earlier and intensified formation of nonspecific and specific effector triggers in the germinating seed
and then in the developing plant, which play the role of a starter mechanism in the process of deblocking
and derepression of genes, will also be a leading factor in the expression of the effect of v stimulation, In
a.dormant seed, all the information encoded in DNA is in a repressed, blocked state. The first oxidative
processes arising in the seed during its soaking and access tooxygen, form nonspecific effects, which in-
duce a deblocking of many genes, providing information for the synthesis of 2 number of enzymes essential
at the beginning of respiration and the preparation of the cells for division. The free radicals formed in
the irradiated seeds readily give hydroperoxides, hydroquinones, and oxyquinones after the intake of oxy-
gen; these substances react with the histones of the nuclei and their sulfhydryl groups, which leads to con-
formational changes in their molecules and a nonspecific deblocking of DNA, essential for the beginning of
development. As is well known, irradiated seeds germinate earlier; the primary biochemical processes
in the seeds are accelerated. The formation of a specific effector trigger in the embryo — gibberellic
acid — is also accelerated. Its earlier influx to the aleurone layer of the seed leads to a repression of
specific genes controlling the synthesis of gp-amylases, proteases, and a number of other enzymes that
mobilize the stored nutrients of the seeds — starch and proteins. A more rapid and intensified formation
of sugars and amino acids andanacceleration of their influx to the embryo have been noted in y-stimulated
seeds, which is vital for stimulation. In seeds irradiated with stimulating doses, tryptophan synthetase is
synthesized more actively, as a result of which indolylacetic acid — auxin, which is a specific synthetic
effector trigger, is formed in greater amounts [8]. In view of the same factors, in y-irradiated seeds the
processes of synthesis of DNA and RNA and protein synthesis are accelerated, the mitotic index is in-
creased, and growth processes are intensified, The earlier and more intensive development of the root

4
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Fig. 1. Changes in the values of the optimum stimulating doses of ¥
irradiation with changing moisture content of the seeds: Y 25%;
————— ) 10%; —- » « — -+ -—-++)8%; ( is the length of the roots, % of con-
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TABLE 1. Effects of Ionizing Radiations on system in stimulated seedlings, the formation of the
Corn Seeds of Different Ages - chloroplasts, and the development of the leaf surface
By 5| Length of roots of seedlings, mm lead to an acceleration of the development of the plants
S T % of and, correspondingly, to a more intensive formation of
§81 58| soor | comrol oonp0r tx effectors, which act not only on the apical growing point,
mole E | but also induce the beginning of the development of lateral

1958 | 1959 | 26,54:0,9 | 20,3-+0,8 131 5,3 buds, which promotes a greater branching of the stimu-
1956 | 1959 | 22,6+1,1 | 19,8+0;9 | 114 2,0 . .
1oes | To39 | 16 522’0 | 18°0=09 91 07 lated pl.ants, g greater formatfon of generative organs
. Stimulation of the preceding stages of developmen
{9]. Stimulat f th ding stages of develop t
leads to an earlier formation of effector triggers re-
+t here and henceforth is the criterion of significance of sponsible for the beginning of flowering (flowering fac-
the difference., tor). As a rule, plants from seeds y-irradiated in a

stimulating dose bloom several days earlier, which shor-
tens the vegetation period and is important for better
formation of the yield [10].

The theory being developed of the leading role of accelerated synthesis of effector triggers as the
basic cause of the stimulating effect of low doses of radiation also well explains the fact that, as a rule,
the content of the component, toward the production of which the given crop was evolutionarily directed,
is increased in the yield from stimulated seeds. In the case of irradiation of carrot seeds, the concentra-
tion of carotene in the yield is increased [7], in the sugarbeet the concentration of sucrose [14], and in
potato tubers the concentration of starch. This is explained by the fact that the type of metabolism deter-
mined by the genetic information contained in the given selected variety is unchanged by irradiation with
stimulating doses, However, the early and intensified formation of effectors leads to a more accelerated
realization of the genetic information, which is also expressed in an increase in the component in the yield,
for the sake of which the given crop is grown. For a long time, a serious obstacle to the recommendation
of preplanting irradiation of seeds as an agricultural method was the poor reproducibility of the effect of
stimulation, detected in the original experiments on the study of the biological effects of x-rays, which
served as the basis for the cessation of work along this line abroad, In the USSR, on the contrary, intensi-
fied investigations of the causes of the poor reproducibility of the stimulaating effect of low doses of irradia-
tion were begun and showed that the biological action is determined not only by the value of the integral
dose of irradiation, but is also inseparably linked with and easily changed by a complicated assortment of
modifying factors [2].

The lack of knowledge of the role and mechanism of the action of modifying factors in the first at-
temps at the practical utilization of radiation stimulation was the main cause of the poor repeatability of
the positive effect of stimulating doses of radiation. The role of the following modifying factors has now
been elucidated: the moisture content and age of the seeds, the interval of storage of the irradiated seeds
and the degree of their maturity, seasonal variations of radiation sensitivity, type variety, and planting
qualities of the seeds. The significance of regionalized varieties in the stabilization of the effects of stlmu-
lation has also been demonstrated.

At the present time the complex of modifying factors has been far from fully studied, but what is
already known permits such a stabilization of the results obtained that preplanting irradiation can be re-
commended for introduction for a number of crops as a new economically profitable agricultural method.
In studying the effects of modifying factors individually, it can be stated that one of the main ones is the
moisture content of the irradiated seeds.

Modern radiobiological concepts consider the radiolysis of water as one of the mechanisms of radia-
tion damage to the organism, and attribute great significance to the water content in the object at the mo-
ment of irradiation 12].

The experiments conducted have shown that the value of the stimulating doses of irradiation varies
depending on the water content.

In the case of the irradiation of corn seeds of the Sterling and Bukovinskii-3 hybrid varieties with
controlled moisture content 10-12%, the optimum stimulating dose is 500 R, at a dose rate of 700 R /min,
Drying the seeds to a 5% moisture content lowers the value of the optimum dose to 400 R. In this case the
additional growth of the roots of six-day old seedlings was also changed, comprising 6% instead of 18%.

At a moisture content of the seeds of up to 25%, their radiosensitivity increased even more, and a dose of
250 R had a stimulating effect while at a dose of 500 R, instead of the stimulation that arose in the seeds
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Fig. 2. Dependence of the additional growth of corn roots on the value of the stimulat-
ing dose of y irradiation (I is the length of the roots): ----) planting immediately after
irradiation; -.-.-.-) after storage for one day; -..-..-) two days ...) three days;
) seven days; —— ... —...—) 14 days —) control.

Fig. 3. Dependence of the change in the radiation sensitivity on the time of year; Q)
castor plant; ®) sunflower; X) soybean.

with the 10-12% moisture content, an inhibition of growth of the roots was observed. The changes in the
values of the optimum stimulating doses of v radiation with changmg m01sture content of the seeds is shown
in Fig. 1.

, Considering the fact that under commercial conditions the-moisture content of the seeds can readily
vary, the methodological instructions developed for the preplanting irradiation of seeds [15, 16] recommend
irradiation of seeds at air-conditioned humidity to obtain repeatable effects of stimulation. Deviation of the
‘moisture content from the norm requires a preliminary refinement. of the optimum doses of irradiation of
seeds

The age of the irradiated seeds also proved to be an important factor for obtaining unambiguous re-
sults. During the aging of seeds, , when the period of storage is lengthened, their radiation sensitivity
was inc;eased, together with a lowering of the germination rate (Table 1),

As can be seen, seeds of the crop of the preceding year gave a 31% additional growth of the roots of
the seedlings, for those stored for three years 14%, while irradiation had no stimulating effect on seeds
stored for four years after harvesting, with a 64% germination rate.

On the basis of these data, confirmed by repeated subsequent experiments, it is recommended that
seeds of the crop of the preceding year be used for preplanting irradiation. In experiments conducted
without considering the age of the seeds, this factor may be one of the causes of the nonrepeatability of
stimulation.

The stimulating effect of v radiation also varies with the periods of storage of the irradiated seeds,
At the initial stages of development, radiobiologists believed that the effect of the dose remains unchanged
in irradiated seeds. The modern representations have shown that slow metabolic processes occurred in
irradiated seeds, the course of which depends on the periods and conditions of storage of the irradiated
seeds. Corn seeds of the Sterling variety of air-conditioned humidity, form the yield of the preceding
year, irradiated with a source of y radiation from “Co at a dose of 500 R, dose rate 700 R /min, were
planted 1, 2, 3, and 14 days after irradiation, and immediately after irradiation. The change in the
effect of the stimulating dose was determined according to the add1t1ona1 growth of the roots at 2, 4, 6, 8
and 14 days of development (Fig. 2). Maximum additional growth of the roots was observed when the corn
was planted directlyafter irradiation. In the case of planting 1, 2, 3, and 8 days after irradiation, the gain
in length of the roots was sharply lowered, bemg stablllzed at a level of 12 20% in companson w1th the
control. . DL : o
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TABLE 2. Effects of Preplanting v Irradia- In a field experiment in the Moscow region, the re-
tion of Seeds on the Yield of Corn after sults of storage of seeds of irradiated corn were com-
Various Periods of Storage of Irradiated pared (Table 2),

Seeds

f‘ id In the case of planting directly after irradiation,
1e

Periods of planting of T of the maximum additional yield of green mass was ob-
irradiated seeds jﬁ;‘:‘t‘::: c‘;nml . tained; after two days the effect of stimulation was re-

- duced, while in the case of planting of irradiated seeds
Cosx;terg:)(_nonirradiated | 310+ 12,4‘ , after a year, there was no stimulating effect.
Directly after irradiation | 407-+12,0 | 128,0 | 5,6 Analogous data were obtained in the growth of to-
After two days 35043.5 | 112.0 | 3.1 matoes under conditions of hydroponics. In the case of
After one year 2947+4,1 99,6 | — planting of irradiated seeds directly after irradiation,

the height of the seedlings exceeded the control by 20. 5%,

while after 14 days this gain was reduced to 6%.

A study of the effects of storage on a wider assortment of agricultural plants showed that it is speci-
fic for various crops. For corn, sunflower, and tomatoes, the best indices were obtained when the irra-
diated seeds were planted immediately after irradiation, while in wheat, on the contrary, to obtain the
optimum results it was necessary to expose the irradiated seeds before planting. In experiments of the
Scientific-Research Institute of Agriculture of the Georgian SSR [5], it was shown that the storage of irra-
diated seeds for a month after irradiation lowered the yield of grain of corn and increased the yield of
wheat of the Bezostaya 1 variety up to 33.5%.

The data obtained indicate a strong modifying effect of storage of irradiated seeds, which under defi-
nite conditions may induce various degrees of reduction of the yield instead of stimulation. The study of
the effect of storage for a wide assortment of agricultural plants is one of the most urgent problems in the
utilization of preplanting irradiation of seeds in practice.

One of the factors that changes the biological effect of doses is the dose rate of irradiation. In the
case of irradiation.of corn seeds of the Sterling variety with a source of y radiation from ®Co with 2 dose
of 13 kR with sharply different dose rates (600 and 4.6 R /min), pronounced differences were observed; low
dose rates of irradiation had a stronger inhibiting effect than high ones.

In determining the values of the optimum stimulating doses for various crops, it is quite essential
to indicate the dose rate of irradiation,

In the case of planting of irradiated seeds in various soil-climatic zones, variations of the optimum
stimulating doses were established. Thus, when irradiated corn seeds were planted in the Moscow, Gor'-
kii, and Leningrad regions, the Latvian and Moldavian SSR, the optimum stimulating dose for the Sterling
variety was 500 R. On the Apsheronsk penninsula, stimulation arose at a higher dose of irradiation of the
- corn seed — 4 kR,

The stimulating dose for cucumbers in the middle belt is 300-500 R. In the Kirgiz and Azerbaidzhan
SSR, with different temperature and light conditions and with a high level of insolation and natural radio-
activity of the soils (Kirgiz SSR), the optimum stimulating dose is 10 kR.

Among the modifying factors we should also include the degree of maturity of the irradiated seeds,
since this factor changes their radiosensitivity. Planting sunflower seeds from immature yellow and
brown calathides, an inhibition of the seedlings of 10-15% in comparison with the control was observed;
ripened seeds served as the control,

Finally, we should take up still another modifying factor, which has an effect on the change in the
radiosensitivity and depends on the time of year., The effects of stimulating and inhibiting doses, estab-
- lished in the winter months, are not repeated in summer experiments. Assuming that these changes are
a consequence of the different light and temperature conditions, an experiment was conducted, planting
a number of oil crops — castor oil, soybean, and sunflower — under conditions of luminostat, monthly for
a year with irradiation at a dose of 40 kR; the temperature and light conditions were maintained at the same
level. The criterion for evaluating the effects of irradiation according to months was a measurement of the
height of the plant after 20 days of vegetation (Fig. 3). In Fig. 3 it is distinctly evident that the same dose
of 40 kR has an appreciable inhibiting effect during the winter months, and that the injurious effect of the
same dose is weakened in the spring to summer months, These valuable data indicate the necessity of con-
ducting initial determinations of the optimum stimulating doses of irradiation, considering the seasons of
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oy

Fig. 4. General view of the Kolos mobile commercial y apparatus.

TABLE 3. Comparative Study of the Effects the year, and of introducing only those doses that have

of the Radiation of ®Co and !¥'Cs on the been established or verified during the spring and sum-
Growth, Commercial Properties, Shifts of mer months into field experiments and commercial tests,

Phases of Development, and Yield of Cab-

bage of the Slava Variety Finally, experiments on the comparative evalua-

tion of the biological effects of radiations with various

" |Phasesol development, : ceots ance
N éé % of control _ energies werfa .of vital-importance,
. V_a"afmns of E:‘lg s g '§ ;’E Field experiments in the Moscow region with head
expeniment 195« E 5515943y = 8 cabbage [7] showed that there are essentially no differ-
ol 5] ] : . 13 mbs . N
pER §|z & jf; 29 E 3 £ % ences between the effects of y irradiation with energies
: e A 1.25 and 0.66 MeV (Table 3).
Irradiation: 100 | 56,5| 26,5 | 17,0 100 o
0Co, £, Thus, a study of modifying factors showed the
1, o 142_% ' necessity of a multi-faceted consideration of the condi-
‘37%056 2000R| 154 |[12,5'| 38,0 | 49,5 120 tions accompanying irradiation, which permit stable
o MeV, gains in yield to be obtained.
dose 2000 R| 172 7,5| 34,0 | 385 121
: In 1958-1960, the GUPOS Experimental Gamma

Apparatus was designed [17), with an output of 20 kg /h,

with the aid of which a large number of laboratory and
field experiments on the preplanting 1rrad1at10n of seeds has been conducted. In the USSR in 1966-1967,
the first Kolos y apparatus in world practice was developed [18, 19], designed for the preplanting irradia-
tion of seeds of grain, grain-pod, technical, and other crops in the collectwe forms, mounted on the chas-
sis of a ZIL-131 truck (Fig. 4).

The setup consists of a unit for irradiation of seeds, an electric feed system, devices for conveying
the seeds to irradiation, and control systems. Before the beginning of the work, the seeds are poured in-
to the receiving dosing hopper (Fig. 5), from which the seed is delivered by a bucket conveyor to the hopper
of the irradiation unit. In the irradiation unit an irradiator of !¥’Cs sources with 2 total activity of 3500 Ci
is mounted, which permits the treatment of about one ton of seeds per hour at a dose of 750-1000 R, The
seeds pass in a continuous stream through the working chamber and are sent to a collecting conveyor belt,
which delivers them to the hopper for treated seeds. The required dose can be varied from 200 to 5000
R by regulating the rate of flow, All the systems and devices of the setup are accommodated in the
heated body of the truck with openings for the delivery of electricity from the external network of the con-
tainer of the loading hopper, etc., The setup has an autonomous electric power plant for work under field
conditions. Feed from an outside source of alternating current with voltages 220and 380 V is possible; the
power consumed is 1 kW, The setup is serviced by one driver and two operators. The shielding of the
installation ensures a dose rate of v irradiation of no more than 0.28 mR/h at the surface of the body.
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TABLE 4. Results of Production Tests of Preplanting Irradiation of Agricultural Crops
in the Moldavian SSR in 1972

_ Area | Yield Additional yleld
Crops ?E g, ¥ g I3 Gross ad-{Total
. o (S .5 g8 (8. ‘ ditional {mometar
2 w|AE9 9 {3385 o5 3d.,|centners| % of [ netary
T8 .8 &84 £3 5051828 5 /hectare | control |Yi€ld, iprofit,
EYGRIEC Rt csECEER centners [rubles
SESg|so33s (658885588
a4 82|05R88|BREgL B8
Com )
for grain 7454 6521 41,8 37,6 | 4.2 11,2 20300 | 131950
for silage ) 560 295 .270,4 202,7 67,7 33,4 29 300 26 077
Sunflowet 4 864 5060 19,8 17.6 2,2 12,5 10109 161 744
Sugarbeet "7 { 920 412,3 384, 27,5 7,1 23 814 69452
Total 13 595 12 796 388 823
‘ ' Introd ucing (planting without control)
Corn
for grain 5291 — — — 4,2 % 11,2 22222 144 443
for Silage 970 — — — 67,7* 33,4 65 669 58 445
Sunflower 1646 — — — 2,2% 12,5 3621 57936
Sugarbeet 80 — — — 27,5* 7.1 2200 6380
Total 7987 — — — ' 267 204

*The additional yields on the areas of introduction were taken from the results of production tests in the same
year,

<
|
\ i

NESRFSS N ; N
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Fig. 5. Scheme of the Kolos mobile commercial appara-
tus: 1) receiving dosing hopper; 2) delivering transporter;
3) hopper of irradiation unit; 4) irradiation unit; 5) control
panel; 6) collecting transporter; 7) hopper for treated
seeds, under which a burlap container is fastened.

The Kolos setup is designed for the irradiation of dry flowing seeds (grain, legume, technical and
other crops) with an average dry weight of the seeds 0.7 g/cm3, moisture content 10-1 2%, and size of seed
5-15 mm. The total weight of the installation with the truck is 10.3 tons. According to the requirements
of the All-Union Standards, the Kolos setup according to its weight parameters can be operated on all high-
ways,

To determine the absorbed doses in the irradiation of seeds in a continuous flow, the method of ther- -
moluminescence dosimetry is used [20, 21]. Five-year tests of 2 commercial Kolos vy setup have shown

that it corresponds to the requirements of modern agricultural production and have permitted its recom-
mendation for series manufacture [12].

A preliminary evaluation of the economic effectiveness of the use of the Kolos installation on the
hasis of the average values of the crop yield, cost of production, and additional yield have shown that the
expenditures of the farms for the acquisition of the setups pay for themselves during the first season of
their operation. Moreover, the expenditures for irradiation of the seeds per hectare for winter wheat,
corn for grain and silage, sugarbeets and peas are 1.96, 0.09, 0.11, 0.06, and 0.84 rubles, respectively.
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In 1968 28 tons of seeds of 15 different agricultural crops were irradiated 1n toe Molavian sdr and
used to plant 760 hectares of field areas. In 1969, 47 tons of seeds were irradiated, and in 1970 102 tons,
which were used to plant 1249 and 4000 hectares, respectively, The bulk of the plantings was takenup by
corn. The average additional weight of the yield of grain for these years was 11.1, 8.1, and 13.3%, re-
spectively, which shows the high effectiveness of the method of preplanting irradiation [23].

In 1971 and 1972, the tests and introduction, financed by the Ministry of Agriculture of the Moldavian
SSR, were continued on a wider scale, In 1972, about 35 thousand hectares were involved in the experi-
ment (with a control) (Table 4) [24]. The average weight gain of the yield of corn was 15.8%, in 1971 and
11.2% in 1972. The pure profit using the four Kolos installations was 547 thousand rubles.

In February 1973 the Scientific and Technical Council of the Ministry of Agriculture of the Moldavian
SSR adopted a resolution on the wide introduction of preplanting irradiation of corn seeds and the expansion
of production tests on the sugarbeet and sunflower. ‘

Since 1970, the testing of the method of preplanting irradiation of seeds in the Pavlodar region, situ-
ated in an arid zone of the Kazakh SSR, with average annual atmospheric precipitation 226 mm, has been
begun. The plantings with irradiated seeds in 1971 was conducted on an area of about 7000 hectares., Ir-
radiated millet, buckwheat, sunflower, barley, and wheat seeds, and corn for silage, were planted. The
additional yield for the crops ranged from 10 to 20%. The pure profit from the preplanting irradiation,
using one Kolos installation, was 84 thousand rubles, In 1972 the area under production tests was about
20,000 hectares, Seeds of millet, wheat, sunflower, buckwheat, and corn for silage were irradiated. The
additional yield (in % of the control) was 27, 10, 14, 17, and 16%, respectively (25], while the pure profit
using two Kolos installations was 221,000 rubles. In 1972 the Regional Agricultural Administration re-
solved to introduce preplanting irradiation of seeds into practice. At the present time, the Pavlodar Re-
gional Agricultural Administration has eight Kolos installations at its disposal.

In 1972-1972, broad production tests using a commercial Kolos vy installation were conducted in the
Kirgiz SSR [26, 27]. The irradiation of corn seeds for grain increased the average yield of grain in the
ears by 9.4 centners /hectare, and the silage mass by 64.5 centners /hectare, which, according to the data
of the Kirgiz Scientific-Research Institute of Agriculture, yielded a supplementary profit of about 40 rubles
per hectare. The Industrialand Technical Council of the Main Administration of Agriculture of the Ministry
of Agriculture in 1973 recommended introduction of the preplanting irradiation of corn seeds,

The materials cited show that the first examples of the wide utilization of the achievements of radio-
biology and atomic technology in agricultural practice are positive, and are an effective form of intensifica-
tion of agricultural production.
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SPUTTERING OF MATTER BY FISSION FRAGMENTS

V. A. Bessonov UDC 539.211:546.79

Metal-surface-sputtering regularities under the influence of charged particles are of interest for
‘various branches -of science and technology; they were considered in [1-3]. However, little research has
been done on sputtering of uranium and other fissionable-material surfaces during nuclear fission and
fragment yield into the surroundings. Knowing the laws of this phenomenon can be important, for ex-
ample, in radiation chemistry when realizing radiation-chemical processes using fission-fragment kinetic
energy (4, 5] and in some other branches, where thin layers of uranium-containing materials are used or
- where nuclear fuel is not enclosed in a special envelope.

There is still no perfected and rigorous theory concerning surface sputtering under the influence of
fission fragments, but it has been established that the sputtering-or ejection ratio K, which is defined as
the number of fissionable~-material atoms carried away by one fission fragment leaving the surface, is re-
lated to several experimental parameters. The present paper briefly considers the sputtering ratio's de-
pendence on the emitter (fission fragment source) surface state. Itis also shown how crystal structure
and emitter-material properties influence the ratio K and how the sputtering ratio and integral neutron-

* irradiation dose are interrelated. An attempt is made to analyze the state of sputtered-material nuclei
gathered at the collector and to delimit the probable ejection mechanism from these data.

F. S. Lapteva and B. V. Ershler [6] were the first to confirm experimentally the fissionable-ma-
terial ejection phenomenon. They showed that on the order of a thousand uranium atoms may leave a pure
polishied 23U or 23Pu surface with one fission fragment. If the simple surface is covered with an oxide
film, this value is on the average 24 atoms per fragment. B. Lastman [7], referring to [8], names a
similar figure — 45 molecules of uranjium dioxide per fission event in a surface layer with thickness equal
to the recoil-atom mean free path, ;

The concepts of radiation-damage theory [9, 10] are used to explain surface-sputtering effects under
the influence of fission fragments, Fissionable-material surface-layer sputtering can be explained by
‘using the "thermal-peak" hypothesis [9-12] or the "displacement-peak" theory proposed by Brinkman [13-
15]. Another explanation for ejection (sputtering) is based on the theory of atomic expulsion at the expense
of recoil-atom energy; these atoms produce displacement cascades [9, 10]. Whaphan and Makin [16] be-
lieve damage may occur to a surface from which high-energy charged ions emerge at the expense of ex-
pelling larger particles. If we accept the proposition that there exists a high-temperature region along the
fission-fragment motion trajectory, then in the "peak" region there arises instantaneously an explosive
pressure. This may give rise to motion in the solid-state layers surrounding the track and lead to parti-
cle expulsion from the material surface layer. When the temperature in the fthermal-peak" region ex-
ceeds 10,000°C, one can expect particles larger than 40 A to be ejected.

Lapteva and Ershler evaluated the applicability of the nthermal-peak® theory for explaining the pheno-
mena observed and found that the experimentally determined quantities of vaporized uranium atoms require
an expenditure up to 17% of the total fission-fragment kinetic energy; this much exceeds the theoretical
value, Using Lapteva and Ershler's results and assuming the ejection ratio is 2000 and that, of all the
possible "displacement-peak" formation variants, only peaks near the surface lead to material vaporiza-
tion, S. T. Konobeevskii [9] calculated the "displacement-peakn length. The value he found — 2.7°10"fem
— agrees well with other evaluations of this quantity.

Translated from Atomnaya Energiya, Vol. 37, No. 1, pp. 52-56, July, 1974. Original article sub-
mitted December 7, 1972; revision submitted December 6, 1973.
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recording or otherwise, without written permission of the publisher. A copy of this article-is available from the publisher for $15.00.
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Since the fission fragments carry uranium from the uppermost thin layer of material, many re-
searchers have tried to pursue the relationship between the sputtering ratio and this layer's properties,
As we noted already, it was shown in [6] that purifying the emitter surface from oxide film increases the
ejection capability, raising K from 24 to thousands of atoms. Rogers and Adam [17] confirmed this result
and also showed the dependence between the sputtering ratio and the emitter integral irradiation dose by
neutrons, Peterson and Thorpe [18] studied the effect of the oxide film at the sample surface on sputter-
ing. The authors observed increased uranium-ejection rate when there is additional emitter oxidation by
moist helium during irradiation. A relationshipbetweenejection rate and irradiation dose was also dis-
covered. It was established that during irradiation in air in the presence of moisture and oxygen, the
emitter surface properties can change due to chemical reactions. This confirms the data on surface-prop-
erty and K-magnitude variation due to interaction between the emitter and reactive gases or air [19, 21,
22]. The emitter surface may also be acted on by radiolysis products which accumulate in the evacuated
vessel during irradiation. The experimental material allowed Nilsson [19, 20] to conclude that emitter-
surface grinding and the degree of polishing do not significantly change the uranium dioxide sputtering
ratio. Increasing the oxygen concentration in the vessel, on the contrary, is accompanied by its increase.
Nilsson also found that matter ejection from metallic uranium with an unoxidized surface, or, rather, a
surface whose oxide film is thinner than 160 131, is noticeably higher than from the same sample whose sur-
face had undergone more prolonged oxidation. Nilsson's data disagree with those in [23], which studied
matter vaporization in targets prepared using 4/Cm salts. It was shown in |21, 23] that when targets hav-
ing layer thickness in the order of 107% ¢cm are used, the fraction of sputteéred atoms increases due to fis-
sion fragments passing parallel to the target surface. In a vacuum, the rate of atom sputtering from a
target decreased much more slowly than in air; this was related to the change in microrelief and its prop-
erties when fission fragments act on the surface in air and when the samples are evacuated. The disagree-
ment with Nilsson's data [Nilsson did not, observe the surface-relief effect (various degrees of polishing)
[19] on the sputtering factor] can be explained by the insignificance of the contribution from fission frag-
ments, which pass parallel to the emitter surface in his experiments, to the total uranium-atom-ejection
effect due to fission fragments,

V. K. Gorshkov and L. N. L'vov (23] confirm the thermal-vaporization model for emitter material
acted on by fission fragments and alpha particles; they estimate the "crater® size at sites from which fis-
sion fragments are emitted to the material surface. However, because the sputtered layers are different

in nature, it is hardly possible to compare rigorously the results given in [21, 23] with those obtained on
metallic surfaces.

In work with short-lived spontaneously decaying targets based on 2%2Cf oxides, a dependence between
the ejection ratio and the source thicknesses was observed [24, 25]. Thus, in [24], changing the Cf-oxide
layer thickness from 0.2 to 8 ug/cm? caused K to increase from 50 to 3800. A similar ejection ratio with
initia] increase in emitter thickness was obtained qualitatively in [23]. If the layer thickness from which
ejection occurs is comparable to the depth of the "cratern left in the surface by the emitted fragment, then
the magnitude of K depends on the emitter thickness.

There is not yet a single opinion concerning "crater® formation on the emitter surface after fission
fragments are emitted. Suppositions concerning "crater" existence are expressed in {6, 23], Zimen and
Mertens [26] observed "crater® funnels at fission-fragment emission sites on the surface. Riehl [27], -in
studying gold samples irradiated by fission fragments, could not find such "craters, " but he expressed the
hypothesis that there exists a possible damage region around the site from which the fragment leaves the
material. Concluding our consideration of whether "craters® really exist at fission-fragment exit sites to
the surface, we should say that the published data are too scanty to support a final conclusion. The "cra-
tersr observed by several authors in materials with ionic bonding (in particular, in curium salts and uran-
ium dioxide) and their absence on a metallic surface (gold) can be due to the character of absorption and
energy transport in various materials from a high-energy charged particle (which is what a fission frag-
ment is) to kernels of a crystal subjected to irradiation..

The results of electron-microscopic research on fission-fragment traces in thin layers indirectly
confirms this. It has been shown [9, 12, 28, 29] that visible tracks form where the fissionable-material
layer consists of very small crystallites in which yielded energy may be localized. The tracks disappear
as the crystallite dimensions increase, It has been established [30] that the track width depends on the
fission-fragment mass and the physical characteristics of the material in which deceleration occurs. The
finest tracks were observed in carbon. These data together with observations on the effect of sputtered-
material structure and nature on the ejection ratio (using 23*Pu compounds as a model, a relationship was
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TABLE 1. Dependence of Sputtering Ratio on Emitter Properties and Irradiation Condi-

tions
Average |Integral dose Sputtering ratio
Pellet-preparation method grain size, |withrespectto Kgteady- | Reference
n thermalneutron| Kn state
Vacuum deposition; air oxidation toUQ,; film 0,05 <1018 - 5.104 {331
thickness up to 400 & > 5.1016 30
UO, sintering - ' 10 < 1016 110 :
o . . >5.4016 4,5 [34]
UO, sintering; annealing at 1000°C in hydrogen 7—8 8.4017 9 119]
atmosphere ' ’ .
U0, deposition <0,2 <1015 2800
. . > 1015 38,5 [18})
U0, sintering ’ 8.1018 70 (32}

established in [24] between the ejection ratio and the sputtered-element compound type) allow one to formu-
late a hypothesis concerning a possible relationship between the ejection process and the nature of the
chemical bond. Kaminskii [1] and Pleshivtsev [2] studied the relationship between sputtering efficiency
and crystal-axis orientation with respect to accelerated ions incident on the surface. A Soviet group [31]
confirmed experimentally and theoretically justified this effect, as applied to large-crystal-uranium sput-
tering when bombarded by argon ions. Further study is needed concerning the effect of the material's
nature (metal or nonmetal) on "crater® formation and ejection ratio,

Since none of the authors gave special proof that oxide film was absent from the uranium surface
studied, the divergence noted in K values for a nominally unoxidized surface (Lapteva and Ershler: 1200;
Rogers: 1000; Nilsson; 43; Gautsch and Ruedl: 34 ({32]), can be ascribed in part to indeterminacy with re-
spect to the emitter-surface states. Thus, information concerning physical properties and surface state
for sputtered materials is very important for explaining experimental results obtained in studying ejection.
Therefore, experimental studies on ejection from uranium-dioxide pellets having known erystal structure
and composition are of interest. - Table 1 shows results of these studies. It is clear that even with identi-
cal composition for a material whose surface properties depend little on short-term contact with air, vari-
ous authors found significant divergences in the ejection ratio. The cause for these differences is appa-
rently in the different grain sizes for sample crystals. It was shown in [35] that uranium emission from a
collector used as an emitter in secondary emission, occurs at much greater rates. Since uranium on the
collector, according to electron-microscopic studies of deposits on carbon collectors [36, 37], forms
clusters, "spots" several tens of angstroms in size, the passage of high-energy particles through such
clusters may completely vaporize them. Rogers [33], using the "thermal peak, " explains in this way the
vaporization of UO, grains smaller than 90 A which are hit by fission fragments, Describing ejection as
an instantaneous-metal-crystallite vaporization process under conditions formulated in studies of track for-
mation in thin films (see, for example, [9, 12, 37, 38]), requires, in particular, that there exists between
crystallites in the sample a boundary resistance which worsens the conditions for electron-excitation dis-
gipation into the volume. On the other hand, one cannot raise the crystal-lattice temperature at the ex-
pense of fission-fragment energy higher than 100°C [39]. If the sample consists of large grains, while the
energy absorbed by them during fragment passage is insufficient to completely vaporize them, then ma-
terial ejection must, apparently, decrease noticeably. In this case, uranium may be carried off due to
only the process of expelling atoms from the upper layers at the expense of recoil atoms. This is how
Rogers [34] and Nilsson 19, 20] explain the low values for sputtering ratio from UO, sintered samples.
Atom expulsion from the UO, surface by fission fragments due to cascade collisions is confirmed by ex-
periment and calculations in [26]. Thus, starting by representing the ejection process as a complex
phenomenon dependent on emitter crystal structure and its surface properties and composition, one can
explain the sputtering-ratio variation with increased irradiation dose: as the fraction of small crystallites
is depleted in the sample structure, a transition occurs, from ejection of crystals having subcritical size
by the "vaporization" mechanism to expulsion from the surface layer due to recoil. Nilsson's experiments
120] used UO, samples which had been treated for 4.5 h at 1000°C in a hydrogen atmosphere. This could
lead to increased emitter-crystallite dimensions and, according to the concepts developed above concern-
ing the effect of crystallite size on the ejection ratio, it could decrease the sputtering effect even at initial
sample-irradiation stages; this was, in fact, observed. Also observed was change in the uranium crystal-
lite dimensions from 50 to 180 A after irradiation up to integral dose 2.5 1017 neutrons -em™? [33].
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When the number of vaporized-material nuclei on the collector increases, the probability increases
that uranium atoms will be expelled from this layer due to fission fragments which arise in it and fission
fragments which arrive from the emitter. This process, called reejection, establishes a certain steady-
state quantity of matter on the collector. Therefore, as the integral irradiation dose increases,
the value of the ejection ratio decreases. According to data in [17], the reejection factor begins to play a
noticeable role with integral fluxes with respect to thermal neutrons equal to 10'> neutrons /cm?. Its effect
may be decreased by changing the ratio of emitter to collector surfaces, Unfortunately, there are now no
experimental findings which explain how reejection and emitter-surface crystallite size affect the sputter-
ing ratio.

Electron-microscopic research data on deposits gathered by the collector do not now allow us to for-
mulate exactly in what form the uranium atoms are first fixed by the collector surface. Most studies
show that not separate atoms, but conglomerates, are present on the collector, Verghese and Pasik [40]
discovered that there are present on the collector, single atoms and atom accumulations which, when the
collector is irradiated again, form defect accumulations, "clusters, " on the collector. The existence of
uranium-atom accumulations cannot be explained by expulsion theory, since, in this case, as shown by
the calculations in [41], it is difficult to expel atoms from the third or deeper crystal-lattice layers.
Neither does the "vaporization™ model lead to accumulation formation, One should either assume an ex-
plosive surface damage mechanism under the conditions formulated in [16] or recognize the possibility of
atom migration and coalescence at the surface during irradiation. The latter is supported by experiments
(22] on varying the UQ, film state during irradiation, and also by studies on "inlet" migration for some
heavy metals on carbon and silicon-oxide surfaces during prolonged heating in a high vacuum [42]. Elec-
tron-microscopic studies on uranium expelled from an emitter and deposited on a carbon-collector surface,
support, in some experiments [36] the hypothesis concerning "islet" migration and agglomeration into large
fragments,

It is, apparently, too early to draw final conclusions on the particle form in which material sputtered
by fission fragments leaves the emitter surface. The observed particle size and composition [32-36] allow
one to affirm that their state is determined by many factors, among which emitter-material chemical com-
position and its crystalline structure, the collector-surface nature, the integral irradiation dose, and the
gas pressure and composition in thecapsule, may be significant, The ejection of material may in some
cases be decreased significantly by forming the fissionable-material surface from the largest possible
crystallites. Another possible way to decrease the ejection ratio is related to using inert coatings whose
composition and thickness are chosen such that the greatest shielding effect is assured with minimal thick-
ness. Gold, nickel, and carbon have been used for such coatings [32, 33]. An amorphous-carbon layer,
200 A thick, deposited on an emitter surface made of uranium, its oxide, or carbide, completely excludes
emitter-material atom ejection. Using rather thick (up to 1.9 p) gold coatings did not completely exclude
ejection, and reproducibility was poor. Using nickel films 0.4-0.5 uthick, completely stopped fissionable-
material vaporization.

We are just beginning to study the phenomena observed in studying ejection for emitters coated by .
shielding layers. However, we can already say that the shielding film's decelerating power and its atomic
composition can have a significant effect on atom-expulsion processes. It is known, for example [43], that
a material's ability to form visible tracks when heavy charged particles pass through it depends on a criti-
cal energy-loss quantity (dE/dx)¢y, characteristic for every substance, and which, in turn, depends on
several physical characteristics of the material. Several papers [1, 2] have established relationships
among bombarding-particle energy, energy and number of vaporized atoms, their position on the particle
table, and the target-atoms heat of sublimation. Garber et al. [44] confirmed that monocrystalline ma-
terials are more subject to damage when acted on by fission fragments, thanpolycrystals of the same
metals, This conclusion seems to need additional checking. Little research [24, 25] has been done on the
effect of emitter electrical potential on ejection and the sputtered-material nuclear charge.

In conclusion, we must say that by changing crystalline properties and coating composition, and the
crystalline structure and physicochemical properties of a fissionable-material surface and its nature, one
can regulate damage processes in thin fuel elements and heavy-particle sources,
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ABSTRACTS

ELECTRICAL CONDUCTIVITY OF A
MULLITE-CORUNDUM CERAMIC AT
ELEVATED TEMPERATURES
DURING IRRADIATION

U. G. Gulyamov, N. S. Kostyukov, UDC 621.315.61
~and A. P. Sokolov*

Because of the widespread application of ceramic materials in nuclear technology, reliable data re-
lating to their radiation stability are essential, in particular, data about changes of their electrical prop-
erties under the action of radiation.

In this present paper, the relation was investigated between the electrical conductivity of a mullite
—corundum ceramic (MG-2), irradiated in the VVR-SM reactor at a neutron flux of 1.3-10!° n/cm?-sec,
and the temperature (over the range 100-600°C), intensity and duration of the reactor radiation.

The measurement results of the electrical conductivity gpy for a constant intensity of the reactor
radiation are described by the equation oy = 1.6-10-%~"1/KT + 6.3.107%~0-92/KT , 1qde-1-82/KT

It is shown that as a result of irradiation in the temperature range up to 200°C, the electrical con-
ductivity of MG-2 increases by a factor of 100-1000. This is due to the presence in MG-2 of boron, which
has a high interaction cross-section with neutrons and which leads to an increase of conductivity not only
because of the y-components of the reactor radiation, but also owing to the neutron component. A signifi-
cant change of behavior of the log p—1 /T curves in the low temperature. region, obviously confirms the
change of conductivity mechanism under the action of radiation,

The dependence of the electrical conductivity of MG-2 on the intensity of the reactor radiation at tem-
peratures below 227°C is of an exponential nature, but at higher temperatures it is a power dependence. '

ANALYTICAL CALCULATION OF THE RANGE
OF IONS AND THE PARTIAL LOSS OF
ENERGY DURING RETARDATION

A. P. Balashovt | B | UDC 539.101
In order to solve the wide class of problems associated with the calculation of the ranges of ions and

the formation of structural defects and electron-hole pairs in dielectrics under the action of radiation, it is
necessary to take into account the distribution of energy contributed between ionization and excitation

*Translated from Atomnaya Energiya, Vol. 37, No. 1, pp. 57-61, July, 1974. Original article
submitted April 25, 1972,
tOriginal article submitted May 28, 1973; abstract submitted January 3, 1974.

©1975 Plenum Publishing Corporation, 227 West 17th Street, New York, N.Y. 10011. No part of this publication may be reproduced,
stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, microfilming,
recording or otherwise, without written permission of the publisher. A copy of this article is available from the publisher for $15.00.
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processes of atomic electrons and elastic interaction processes with atomic nuclei, leading to the displace-
ment of atoms and faulting of the material structure. A calculation of the specific energy losses of heavy
charged particles with energies less than 1 MeV, by anucleon, canbe carried out within the framework of
the Lindhard—Scharff model; however, the application of the model to the solution of this type of problem
is made d1ffxcult by the absence of an analytical representation of the ranges and of the partial energy
losses.

‘In this paper, based on the Lindhard—Scharff model, easily derived expressions are obtained for the
total ranges of heavy charged particles and for the magnitude of the energy lost during retardation in elastic
interaction events with the atoms of the medium. For simplification, the dimensionless representation of
the energy ¢ and the range p is used.* For an ion with an initial energy in the range g; | < & = ¢ i=1, 2,
3), the energy transferred to the atomic subsystem during retardation, g(e), is determined by the expres-
sion

gi(&)="1i(e)+ by,

where
. A te .
= T e
| li®)=- 1n7~%+6i_1’ A= tb
and
i:__i
8i=gia(ei)= ) f5(¢))

i=0
‘[Here g(g) is the energy transferred to the atomic subsystem in d1mensxon1ess units; K is the electron re-
tardation parameter; a;, b; and g are constants.]

For the region & > g4: - T
' 1 24 1n1.294¢" ’
g =7 (00— - N e,

The expression for the range of heavy particles in an atmospheric medium, taking into account the
concurrence of excitation processes of the electron subsystem and interaction with atoms of the medium,
cdn be represented in the form

9272{- 812 — A (Ke).
The first term of the expression corresponds to the case of purely electron retardation, and the second
term carries a correction which takes account of retardation due to the transfer of energy to the atomic
subsystem, A(Kj¢) for a particle with energy in the range g_; < ¢ = g; has the form
(81 j2__ 1/2)

2a;
B; (Ki6)=K2}: arCtg ~(ee 1)1 Z+Az 1 (Ki&i-9).
(e

The expressions obtained are applicable for an arbitrary combination of particle-medium over a wide
range of energies. The error of these expressions, in comparison with the results of numerical calcula-
tions, does not exceed 3 to 5%. '

*J. Lindhard and M. Scharff, Phys. Rev., 124, 128 (1961).
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DESTRUCTIVE EFFECT OF HYDROGEN ON THE

CLADDING DURING REPROCESSING OF THE
FUEL ELEMENTS OF A WATER-COOLED
/WATER-MODERATED POWER REACTOR

A. T. Ageenkov and V. F. Saveltev - UDC 621.039.54

The results are given of investigations into the destructive action of hydrogen on the zirconium alloy
cladding during fuel element reprocessing. It is shown that the accelerated interaction of the alloys with
hydrogen begins at 600°C; at a temperature of 700-~800°C, the hydrogen content in the alloy approaches the
limiting value during one hour: 1.7 to 2.0 wt.%. Absorption of hydrogen by tubular claddings is accom-
panied by an increase of their size (Fig. 1). In physico-chemical properties, the material of composition
ZrHy g9, 18 characterized by a low mechanical strength (g}, < 10 kg /mm?), brittleness and shortness; a
high microhardness (300-310 kg /mm?, low wearability and stability in oxygen and air upto a temperature

0of 700°C. The structure of the hydrogen-containing alloy has been studied by an autorad10graph1c method
(Fig. 2). :

4%
O,
[¢)
[ B .
J.
2
1
5k
4
3 —
2 { ]
05 10 ) - H/Zr
Fig. 1 Fig. 2

. Fig. 1. Dependence of increase of cladding diameter d on the hydrogen content
‘in thealloy: 1) Alloy Zr—1% Nb; 2) alloy Zr—2.5% Nb; 3) alloy Zr—0.6% Fe—0.6%
‘Fig. 2. Autoradiographs of the hydrogen-centaining alloy Zr—1% Nb(XZOO): a).
hydrogen content 0.016 wt. %, hydrides take the form of individual disconnected

inclusions; b) hydrogen content 1 2 wt %, hydrlde phase Spread throughout the
whole alloy structure,

Original article submitted June 28, 1972; revision submitted December 28, 1973.
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LINEAR PERTURBATION THEORY FOR FUEL '

BURNUP PROBLEMS IN A FAST REACTOR

V. V. Khromov, A. A. Kashutin_ : : . UDC 539.125.5.162.5:621.039.526
and V. B. Glebov* : ‘ ' -

A method is preseﬁted for fast-reactor optimization calculations, taking account of the changes in
reactor characteristics during operation.

Equations for the importance functions and formulas for Small perturbauons are der1ved from a.vari-
ational principle [1, 2]. These formulas permit an estimate of the perturbation of various functionals of
the neutron distribution and the neutron flux at any time t due to changes in reactor characteristics (com-
position, reactivity compensation parameters) at a time t; <t.

These estimates are performed rapidly by using polynomial approximations of the time behavior of
the neutron flux and importance functions (3], The time dependence of various reactor characteristics can
be approximated as exactly as desired. The spatial dependence of the solutions is described by the Bubnov
—Galerkin method, using a set of coordinate functions to take account of the specific nature of the problem
heing studied [4].

, The calculation is programmed in FORTRAN for a BESM-6 computer. The program is designed for
fast-reactor optimization calculations in the multigroup diffusion approximation for one-dimensional geo-
metry. The burnup processes are analyzed for the average change in isotopic composition within the
boundaries of the-reactor zones. -The program permits the study of the effect of isotopic composition and
reactivity controls on the time behavior of the neutron distribution. The method is illustrated by examples
of calculations for large fast reactors. An analysis of the results shows that the method makes efficient
use of machine time and memory, and gives results which are accurate enough for optimization calcula-
tions,

- LITERATURE CITED
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N I R

.”K GAMMA DISTRIBUTION AT THE
OCEAN~ATMOSPHERE BOUNDARY

A. S. Vinogradov, K. G. Vinogradova, :  UDC 551.463:539.1
and B. A. Nelepo¥ .

Measurements of the gamma activity of sea water and the atmOSpherlc layer near the surface of the
ocean require detailed information on the 9K gamma distribution which determines the main part of the
background radiation in the water, and a significant part of it in the atmosphere near the water surface.

*Qriginal article submitted July 10, 1973.
+.0riginal article submitted July 16, 1973.
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The differential spectra and integral fluxes of primary and scattered K gamma radiation have been cal-
culated by the Monte Carlo method for a lower half-space filled with water of salinity and composition cor-
responding to the average for sea water, and the upper half-space occupied by a uniform atmosphere of a
perfectly black absorber. The calculations were performed by random sampling using analytic averaging
of absorption and the collision density method. The energy intervals in the differential spectra were 10
keV wide,

The effect of the surface on the flux in water appeared more strongly in the flux directed downward
from the surface. The flux toward the ocean surface was larger at all levels, and for energies above 500
keV did not depend on the distance from the surface. The flux of scattered radiation reflected from the
atmosphere was zero for energies above 800 keV, At a depth of 10 mfp the spectra of scattered radiation
were in good agreement with results obtained by solving the kinetic equation for an infinite uniform me-
dium [A. S. Vinogradov, Studies in Oceanic Physics [in Russian], MGI AN UkrSSR, Sevastopol (1969). p. 106].

In the atmosphere the gamma flux directed from the ocean surface is larger. The flux toward the
ocean surface vanishes for energies above 600-800 keV, depending on the distance from the surface.

The surface affects the direct measurements of the ¥K gamma distribution in the ocean only up to a
depth of about 2 m. In measurements of the gamma activity in atmospheric layers near the water the height
of the detector above the ocean surface must be taken into account since the 4K gamma distribution varies
appreciably with height. '

THE DEVELOPMENT OF ACTIVITY GENE RATORS
FOR INDUSTRIAL RADIATION CIRCUITS WITH
POWER-GENERATING CHANNEL-TYPE REACTORS

A, Kh. Breger, S. P. Dobrovol'skii, UDC 621.039.553.573
E. L. Ivanter, V. S, Petrov, -

N. I. Rybkin, A, M. Sidorov,

and Yu. I. Tokarev*

One of the most promising paths for the complex utilization of thermal neutron reactors (1] is the
creation in them of radiation circuits, in which a nonfissionable working substance is activated by neutron
leakage from the active zone and the y-radiation produced by the radioactive isotopes is used for carrymg
out various radiation-chemical processes on an industrial scale [2, 3].

In the present paper, the results are discussed of design developments of one of the principal units
of industrial radiation circuits — the activity generator — in power-generating reactors of the channel type
(RBMK) used in nuclear power generation in the Soviet Union at the present-day stage [1].

The activity generators are installed in the third row of graphite blocks of the reflector, in channels
with water designed for cooling the reflector, as a result of which the temperature of the working sub-
stance does not exceed 70°C. The construction of the activity generator is sectional-tubular. Each sec-
tion consists of three U-shaped tubes, made in the form of a spiral coil.

The channels of the activity generator are joined by collectors for the supply and removal of the work-
ing substance (Fig. 1). For convenience of grouping of the collectors and of access to them, and also for

*QOriginal article submitted July 23, 1973.
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Fig. 1. Arrangement of activity generator channels
in the reactor: 1) reflector; 2) activity generator
channels; 3) alloy collector; 4) cooling water collec-
tor; 5) cooling channel piping.

the purpose of introducing the minimum changes into the design of the RBMK reactor, the activity genera-
tor section-channels (54 pieces) are arranged on approximately 1/3 of the perimeter of the active zone of
the reactor. The disposition of an activity generator and its design, in the case of necessity, permits in-
.dividual channels to be disconnected without stopping the power generation of the reactor. The total in-
dependence of the radiation circuit is ensured also by the presence of an intrinsic water cooling system of
the activity generator channels, separate from the overall system, for cooling the graphxte masonry of the
reflector. - - -

The physical calculations of the activity generator, with the working substance in the form of a liquid
metal indium—gallium alloy of eutectic composition, carried out on a computer showed that the installation
of this type of generator in the reactor leads to a reduction of the burnup of the fuel by not more than 1%.
The calculated magnitude of the y-output of the radiation circuit from such a generator is about 1¢ million
g-equiv. of radium.

Thus, the planned studies have shown the technological feasibility of installing activity generators in
power-generating reactors of the RBMK type, which gives realistic prerequisites for the creation of indus-
trial radiation circuits with these reactors, the production possibilities and the basic economic indexes of
which are shown in (3-7].
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CHARGE DISTRIBUTION PARAMETERS

A. B. Koldobskii, V. Yu. Solov'ev, . . UDC 539.173.8
and V. M. Kolobashkin*

The most accurate way of determining the charge distribution parameters of the elements of an iso-
baric chain of fission products is to calculate these from the experimental values of the independent and
cumulative fission product yields. However, no universal algorithm for such a calculation has been des-
cribed in the literature, We have developed a procedure for calculating the charge distribution parameters
based on the method of maximum probability, The algorithm is convenient for work on a computer and
permits the use of experimental information on both the independent and cumultative yields. Results of the
calculation are presented for isolated chains. :

SPATIAL AND SPECTRAL DISTRIBUTIONS OF GAMMA
RAYS REFLECTED BY SHIE.LDS OF
LIGHT MATERIALS

D. B. Pozdneev and M. A. Faddeevf UDC 539.122:539.121.72

Differential energy spectra of reflected gamma rays leaving various parts of the surfaces of slab
shields of beryllium, carbon, and concrete have been calculated by the Monte Carlo method. The primary
energies of the gamma rays frompoint, isotropic and monodirectional sources were 0.279, 0.661, and 1.25
MeV. The program can take account of single, double, and multiple scattering.

Integration of the differential energy spectra gives data on the angular distribution and the integral
spectra of the reflected gamma rays.

The dependence of the integral number current albedo on the shield thickness and the distance from
the point of incidence of the primary gamma rays on the shield are presented in a form convenient for
practical engineering calculations.

*Qriginal article submitted September 24, 1973.
{Original article submitted October 25, 1973,
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LETTERS TO THE EDITOR

PERTURBATION THEORY OF VARIOUS
APPROXIMATIONS IN STEADY-—STA-TE
NEUTRON TRANSPORT

V. Ya. Pupko o UDC 539.125.52:621.039.51.12

Perturbation theory calculations of neutron physics problems are frequentiy limited to the first ap-
proximation. We discuss a general method for constructing perturbation theories of various approxima-
tions. We do this by expanding a perturbed eigenfunction of the neutron flux in terms of the eigenfunctions -
of the quasi-stationary neutron transport equation for the unperturbed medium. The treatment of this prob-
lem and the notation, follow [1].

We write the equations for the eigenvalues and eigenfunctions of the forward and adjoint neutron trans-
port operators in the form

—LF(t):%F(z); 1)

L @=L P @), ' (@)

Here x = (r, E, Q) is the set of arguments (coordmates energy, direction of velocities) on which the neu-
tron flux F and the importance F++ depend, L and- L are operators taking account of all the neutron inter-

action processes in the medium and their variation with veloeity vg, and the o's are the eigenvalues of
-these operators.

We write the perturbed Eq. (1) in the form

'

o

— (0 A-5L) P (@)= 2= (a). (3)

For fixed boundary conditions we use Eqs. (2) and (3) to obtain the expression for the variation 6o = o'~
12}:
‘ S FAoOLE” da

I (4)

—ba=
[ Lreer az
R

Equation (4) is exact if the pe rturbed function F'(x) is substituted into it. We determine this function from
Eq. (8) together with the adjoint equation for the Green's function

— L+ (z; 2g) =0 (z—x0). ' . (5)
Using (3) and (5) it is easy to obtain
F’ (xo)=S @ (z; z0) (_— i 6L) F' (z) dz. (6)
Thus F' and o' are found by solving Egs. (4) and (6) simultaneously.

We express ®*(x; xy) 28 a Fourier expansion in the eigenfunctions of Eq. (2)*:

M oo
twag =3 @ Fr @+ | Calo Fyrin)d, 7
h=t Re a:aB

*It is assumed that the set of eigenfunctions belonging to the discrete and continuous spectrum of the eigen-
values of the operators of Eqs. (1) and (2) is complete,

Translated from Atomnaya Energiya, Vol, 37, No. 1, pp. 63-65, July, 1974. Original letter sub-
mitted March 6, 1973.

© 1975 Plenum Publishing Corporation, 227 West 17th Street, New York, N.Y. 10011. No part of this publication may be reproduced,
stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, microfilming,
recording or otherwise, without written permission of the publisher. A copy of this article is available from the publisher for $15.00.
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where in general M is the finite number of eigenfunctions of the discrete spectrum, and ap = min (vZ)

> Re g is the boundary of the continuous spectrum [1, 3]. The expansion coefficients are determined by
usipg the biorthogonality conditions which follow from the fact that the operator L* of Eq. (2) is the adjoint
of LinEq. (1): ' '

1

14

F*Fy dz = NpSmp:

< |-

FixF.,dz=Ny6 (@’ —a); . : (8)

t:|»L/1

S Fi*F,, dx :S % Fi*Fy dz -0,
Substituting (7) into (5) and using Eqs. (1), (2), and (8) we find

P ( ‘& ) o
Cm (‘ZO):W](J:%§ Cy (10):%’% . ) ; (9)
«

Using (6), (7), and (9) we obtain for a perturbed eigenfunction of the neutron flux a Fourier expansion in
the eigenfunctions of the unperturbed Eq. (1)

M 0o
Fn)= 3 timFu @+ | Aamba @) da, (10)
k=1 Rea:aB

where

1 f (11)
o ] 5
Using (4) we obtain
f N . . .
__Em_ k,m 1 ek,m 1 8m.m Nk, .
Ao m= W, ar Ny an Ny ‘N;n_: ’ 12)
where |
. 1 . 7
Nk'mzs = FyFy dz; s,;,m=S F*8LF:, dr. ~ (13)
The expression for Ay m is similar to (12). For k = m, Eq. (12) gives
N; : ‘
Am, m=—7 : (14)
The method presented is easy to generalize to the case of inhomogeneous equations:
—ly@=0x

— Lyt (5) =P (2). (15)

The perturbation theory formula for a linear functional of the neutron flux #(x) has the form 4]
61:5 (P'y—Py) d:::.-S\p’f (5Q+5ﬁ)dz+56pnp'dz. ‘ (16)

Hence using the solution of Eq. (5) we find -

oy (x)‘—‘s D (207 2) (6Q+ 8Ly dazo, an

with 3™ (x) = j ®*(x,; X)P(x,)dx,. A8 in the preceding case we obtain

v @= D BuFy 0+ S BoFq (2) dai, (18)
k=1 Re a=0g '

where

1
apNp

S Fi# (0" 4 65uy) d.

Bh=

The expression for B, is similar to that for By.
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We discuss the use of expansion (10) for constructing perturbation theories of various approximations.
For simplicity we consider the widely used age-diffusion approximation. In this case there is no integral
inEq. (10), and M = . In addition the expansion index is separated into energy and geometric indices. *
Taking account of Egs. (12) and (14) we rewite Eq. (10) in the form
P =i @4 3} S Ay i 9 @9)

h=1 n=1
h¥mnsl

where k = m and n = [ simultaneously.

The expression for Akn ml is similar to (12) with the addition of the geometric indices n and I, In

the zero approximation 6L 0 and F(g)ll = l(x), which can also be obtained from (12) and (14) since A(°)

=1and Agn ml =0, k # m, n= I, In the first approximation we substitute F} ,(x) ~ Fp,;(x) into Egs. (12)
and (14). Then by using (8) we obtain from (19)

8FS) (1) =F Y (&) — Frut (1) = 2. 2 ALY Fan (), (20)
At ’
where
1 enn,m
1) —_ . >
Akn; ml_a’m Nin . (21)

The generalization of this method to s-th approximation perturbation theory gives

8F (z)= ) S z ) Fun (@), s=1,2,3 ..., (22)
2 2 :
k#m:::#l

where

- oo
Xl NV
Alm ml“Ahn ml+ 2; A;ar Aksnl) ml’
k'=1
o

o~

FE8 '
RN AR

oo

-~ +Aﬁn‘," Larn [1—‘4911’ m 2| 2 A% ke AR ml_] o (23)
R'=1 n'=A
h'#Em n'=l

s s (1) - ( =
The coefficient Aml mi 18 found from Eq. (21), and Akn,ml =0.

_ We note that in the sum over the energy index (k, k', m) the eigenvalues and eigenfunctions appear
with their complex conjugates [1]. This leads to the separation of Eq. (22) into its real and imaginary

parts, and to the vanishing of the imaginary expressions in the summation over the indices k and k',

" The construction of perturbation theories of various approximations for kegp of a reactor requires the
equation for the reactivity given in [1]

; : ) = —Tibay— oyT], (24)

where 6 is found by using (4), and the variation 6T}, a parameter analogous to the neutron generation
time, is determined from the perturbation theory formulas for a bilinear functional [5]. The main diffi-
culty in the practical application of the theory is the necessity of knowing the set of eigenfunctions of
Egs. (1) and (2). In a number of problems this can be done analytically (a bare reactor of {1]), but in
general it can only be done numerically. For many practical problems there is sufficient information
only on the discrete spectrum of eigenvalues and eigenfunctions of the neutron flux. In this case both the
real and the complex conjugate eigenvalues and eigenfunctions must be known to describe the perturbation
of the neutron spectrum correctly.

The author thanks V. G. Zolotukhin, S. B. Shikhov, E. E. Petrov, and A. A. Abagyan for a helpful
discussion of the work.
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EFFECT OF REACTOR IRRADIATION ON
THE DISSOCIATION PRESSURE OF
ZIRCONIUM HYDRIDE

V. S. Karasev, V. G. Kovyrshin, : : UDC 621.039.532
and V. V. Yakovlev '

An earlier study of the temperature dependence of the dissociation pressure of zirconium hydride
and its dependence on hydrogen content showed that during irradiation with a neutron flux of intensity
~10! neutrons/cm? - sec (E = 0.1 MeV) the equilibrium pressure was greater than under the same condi-
tions without irradiation [1]. These and other data presented in the present paper were obtained when
studying samples of zirconium hydride irradiated in hermetic ampoules furnished with a system of pres-
sure measurement and a controllatle rate of hydrogen extraction, enabling the hydrogen content of the
samples to be varied.

Since the apparatus error encountered when measur-
ing the equilibrium hydrogen pressure in the ampoule was
considerably smaller than the total error associated with
determining the sample temperature, special attention was
paid to the latter. In experiments without irradiation the
error in measuring the sample temperature was no greater
than +2°C. During irradiation the temperature was moni-
tored by reference to three or four Chromel-—Alumel ther-
mocouples distributed over the sample surface, with con-
tinuous recording of the readings, and periodic testing of
the latter by means of a class-0.05 potentiometer. The
existence of thermal contact between the thermocouples
and the sample was checked by reference to the electrical
resistance of the contact. The influence of the hydrogen
atmosphere on the readings of the thermocouples was
checked at the melting point of NaCl (800.8°C); it remained
constant for ~200 h. During the period required to estab-
lish the equilibrium hydrogen pressure after taking the
hydrogen from the ampoule, the sample temperature was
kept constant to within of £2°C by means of a special sys-
tem designed to regulate the thermal conditions of irradia-

tion [2].
The total error committed in determining the sample
10 n 12 /5T temperature during irradiation (allowing for the tempera-
ture drop over the sample thickness due to radiative energy
Fig. 1. Temperature dependence of the transfer of the order of 4 W /g [3]) never exceeded +5°C,
radiation-induced increase in the disso- which corresponded to a change of ~1.5 mm Hg in the
ciation pressure of zirconium hydride (1), equilibrium pressure during the experiments without irra-
the rate of fall of hydrogen pressure on diation at, for example, ~1000°K, this being considerably
absorption by the sample at the increase less than the radiative effect (~10 mm Hg) at the same
P = py + Ap (2), and the parameter ¢ (3). perature [1].

_ Translated from Atomnaya Energiya, Vol. 37, No. 1, pp. 65-66, July, 1974. Original letter sub-
" mitted May 21, 1973; revision submitted January 22, 1974. : ' : S
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A comparison between the influence of hydride composition and temperature on the equilibrium hydro-
gen pressure with and without irradiation was made in identical ampoules, using the same samples, As
irradiation temperature we took the value corresponding to the maximum readings of the thermocouples
placed in the sample (the temperature drop over the sample was 5-10°C), which underestimated the actual
radiation effect, ' ’ :

The character of the isotherms and the error committed in determining the sample composition pre-
vent us from making a reasonably accurate judgment of the change in equilibrium pressure which occurs g
on irradiating hydrides with hydrogen contents greater than that corresponding to the composition ZrH; ;
we shall therefore simply present the results obtained in the range ZrH, 4 to ZrH, ,, in which the dissocia-
tion pressure does not depend on the hydrogen content (at constant temperature), while on varying the
irradiation temperature T 'from 900 to 1100°K the equilibrium pressure p exceeds the corresponding value
in the absence of irradiation p, by Ap = 3-50 mm Hg. The temperature dependence of Ap (Fig. 1) is des-
cribed by an exponential function (curve 1) with an activation energy of (1.07 + 0.05) eV and a preexponen-
tial factor of (1.9  1.7) -10° mm Hg. '

The rise in equilibrium pressure which occurs on irradiation is associated with compensation of the
additional (irradiation-induced) hydrogenevolutionata rate vp, equal to the difference in the rates of the
thermally-activated absorption and evolution of hydrogen with the absence of irradiation for the same value
of vp. The quantity (8p/0T)p = p ,+ Ap mm Hg/sec, proportional to vp, was determined in these experi-
ments by analyzing the kinetic characteristics of the absorption of hydrogen by equivalent samples of

_zirconium hydride in the temperature range indicated. These results are deseribed by the expression
(—8p/67)p = p, + Ap =Ky exp (Ep/kT) with Ej, = 0.2 + 0.05 eV (curve 2). The value of vp is related to the
velocity of the thermally-activated process limiting the evolution of hydrogen from the hydride under
radiationless conditions v = v, exp{—Ev/kT) by the.equation ¢ = vp/ v = (p/py)?® —1,. derived by analyzing .

‘the kinetic establishment of equilibrium, with due allowance for the adsorption, desorption, and chemi-
sorption of hydrogen on the surface of the hydride, andalso for the reversible transition of hydrogen from the
hydride intothe chemisorbed state {4, 5]. For the range of compositions and temperatures under examination the
function ¢ derived from the experimental values of pyand p = p, +Apis described by the equation ¢ = ¢, exp(Eyp
/kT)withe, = (2.1 £ 0.3) -10-8 andEyp =(1.00 + 0.05) eV (curve 3). A comparisonbetween the experimental
values of Ep and Ey shows that the value of Ey =E ¢—E, agrees closely with the activation energy for the
diffusion of hydrogen in the hydride ~0.8 eV [6], which (as we should expect) determines the kinetics of
hydrogen evolution from the sample. S - ' ‘
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OPTIMAL BRINGING OF REACTOR INTO THE
STATIONARY REGIME OF FUEL RELOADING

B. P. Kochurov ' . UDC 621.039.516

As is shown [1], the operation of a reactor in the stationary regime with continuous reloading of fuel
allows us to considerably increase (by a factor of 3/2-2) the burnup and to reduce the consumption of uran-
ium compared with the regime in which all the fuel is reloaded at the same time. There is interest in in-
vestigating the transient regime of the reactor from the moment of its start-up to the output in the station-
ary regime (questions connected with the investigation of the optimal regimes for reloading fuel were
studied in [2-4)).

Below we consider the following problem. For a sufficiently large time interval, we wish to find the
strategy of reloading for which the minimum amount of fresh fuel is spent. The principal requirements
are that the solution be positive and that the reactivity of the reactor not be below a certainvalue, We can
superimpose on the burnup a constraint to be determined by the stability of the fuel elements. Additionally
we can require that the reactor be found in a stationary regime from some fixed moment on.

Let F(s, 7) be a distribution function giving the fraction of fuel with burnup less than s at the moment
T, where s and 7 are single-scale quantities, to be measured, for example, by the energy release from 1
ton of fuel (MW -days /ton). If there is no reloading, then in an interval AT, fuel with burnup s produces an
increment of burnup A7, 80 that

F s, ;r):F(s'—Ar, T— A1),

We fix A7, dividing the segment of the "time" axis over the period for which we are considering the history '
of the reactor, into N equal intervals with separate moments Tj =jAT, and we perform the following Laplace
transformation with respect to the variable s: ’

Fs, T_,)—>S e=MdF (s, 1;) = 3 e-Ptng (Atm, T,) = X 22T = z, (2).

TTTT777

| emp—tSNN

Moments of time

Cd o E2Z2Aa-I 3 o EA-I 7221 E=3-r

Fig. 1. Example of optimal strategy of reloading of fuel for the initial stage of opera-
tion of the reactor; I) distribution of fuel according toburnup, upto reloading [the ordi-
nates correspond to values of the coefficients of the polynomials zXj-q (2)]; II) distribu-
tioon of fuel based on age after reloading (x;(z)1; III) fuel removed [u;(z)]; IV) fresh fuel
(u3).

Translated from Atomnaya Energiya, Vol. 37, No. 1, pp.66-68, July, 1974. Original letter sub-
mitted June 25, 1973. : ‘
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TABLE 1, The Function k(s) The intggral equals the sum if F(s, Tj) had discontinuities
5, MW - days| S, MW -days only at the poin{z #yrm. After introduction of the formal
Jton k() Jton R variable z = e~ the dependence with respect to s is re-
presented by the coefficients xi of polynomial x;(z), deter-
758 1’83,2 2288 g-gg’f " mining the fraction of fuel with burnup m (for fixed A the
1500 1,029 6000 0,924 burnup can be characterized by the number m). The func-
2250 1,015 7500 0,893 tions F(s—AT, T—AT) correspond to the polynomial zx;_;(z)

-guch that x;(z) = zXj -1(z). I at moment j there-occurs un-
loading of the fuel, characterized by the polynomial* uj(z)

: M
TABLE 2. Maximum Values of AP (%) as = 3y M with it being replaced by fresh fuel, then
a Function of Various Factors m=t
A MS, va . days/ton : 3{]' (Z) =2xj-1 (Z) +Bu1' (Z) (1<]<N)v (1)
M s 3000 6000 3000 % . where xy(z) = 1; the operator B acts as follows:
- o N
g gg 2(?,8 220,1 220,4 » Bu; (Z)=1§1 uy -1 —u; (z). (2)
10 23 23,2 25,0 25,3 =
h %g gi’z Y 32;‘1’ The number M determines the maximum admissible burn-
ﬁ 1(2)1“ 170'2 180,6 . 190,1 up of fuel (we assume z -zM = 0). The polynomial zXj-1(2)
characterizes the state at the moment j up to reloading of
+inear Tanction k (5) = 1.03-0,00002s, the fuel, xj(2) characterizes the state after reloading. It
FThe standard regime is realized, is natural to require that the inequalities

o<ul’<t, Vi,m, ‘ ' (3)

and also the inequalities zx;_(z) = u;(z) be satisfied,
which with account of (1) is equivalent to the solution

' >0, Vim : @
being nonnegative, We form the vectort

z={20(2), 21 (), --+r 2 ()] <>

<> (@ 2 T ey Ty s Tags e s TN Tho oo es TN)
“and we introduce the scalar product
| (@ 0= @ @ 1@ @@ v =T
It is advisable that we rewrite inequalities (4) in the form

(8ijzm, 2 >0, Vj, m.

b

Let, as a result of the calculation of the kinetics, there be known the dependence of the neutron multi-
plication constant on the burnup k(s), in particular, let it be given by the polynomial k(z).{ Then the con-
straint on the reactivity can be represented in the form ,

U (), 225 (2)) = (Bisz'k (2), 2)>F (0<F<N), ' (3)
where the operator z* reduces the power of z by one power, and the zero power of z vanishes,

The constraints (4) and (5) are inconvenient because they depend on the phase variable x, and not oﬁ

.the control u. Taking into account that each of them is given by a linear functional of the form (f, x), with
the help of the adjoint functions

V-1 =1i(a) O<Ki<N—1) (6)

*The coefficient UM corresponds to the fraction of unloaded fuel with burnup m.

+The variable length of the vectors xj(z) is connected with the fact that at moment i, burnup m > i is un-
attainable,

1The coefficients k™ =k(ATm) of the polynomial k(z) give the neutron multiplication constant as a function
of the burnup m. ‘
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we transform (4), (5) into the form

"L\/‘z

(=)= 1p, (2), Bu;(2)); . . (D
at the same time we must multiply Eq. (6) by xj(z), sum over j, and use the property of adjoint operators
and Eq. (1).

The functions szan =zI0=] +1 correspond to the functionals in (4); this gives
M L '
wl= > Wi, O<i<KN—M),
m=1 . (8)

N-i
T ) ulty W—M1<iKN—1),
—1

where )
The relations (8) have the following sense: fresh fuel, loaded at moment i, has burnup m at moment i + m,
where the quantity of fuel drawn off at all moments i + m should not exceed the value u?. The sign of the

equality arises inconnection'with the fact that the maximum admissible burnup equals

The functions Yy(z) = ‘27 KM F1,M=J+1 oorrespond to the functionals in expression (5), and the
—izmzi—i _ : .

constraints on the reactivity take the form

Li)=i+) _ :
gy 2 2 gi-itmt ui >k, \£ (10)
Je=i=L(i) izizi-Liy+1 m=1

. i i < M’— 11
L(‘)‘{ M—1 i>M.

The calculation of the minimum of the total fuel consumption

N

i=0 . .
as a function of the components of the vector u for linear constraints (3), (8)-(10), represents a problem in
linear programming {5]. I in addition we require that u° = uLMS =1/MS from some moment i = NS, then
at the moment NS + MS (or earlier) the reactor will be found in a stationary regime, There exxsts some
standard method of bringing the reactor to a stationary regime through MS intervals: u=1; ug = u1 =1
/MS (1 =i = MS), requiring a single excess loading [in the discrete representation (MS— 1)/MS] in com-
parison with an infinite stationary regime. Therefore, to calculate an optimal strategy, the topic of dis-
cussion is the economy of a certain part of this loading AP = Pgi,,4—P < 1.

In Fig. 1 we represent a typical example of an optimal strategy,* calculated based on 2 VORS pro-
gram (Fortran, BESM-6). The values of k™ for AT = 600 MW -days /ton were determined based on the
data of Table 1, the value of MS was assumed equal to five (this corresponds to a burnup of 3000 MW-days

MS
/ton in a stationary regime), M =7, k =kgtat = » k™/MS, AP =20%; the moment NS was not fixed.
m={

In Table 2 we represent optimal values of AP for division of the burnup in the stationary regime with
equilibrium burnup of 3000 and 6000 MW ‘ days /ton for eight intervals (MS = 8), where for the l1ast column
we replace the dependence represented in Table 1 by the linear function k(s).

On the basis of the calculations performed we can draw the following conclusions. The form of the
function k(s) has a very weak effect on the magnitude of AP. If the admissible burnup does not exceed its
maximum value in the stationary regime (M = MS), then the gain of AP proves to be zero. To obtain the
principal part of the gain it is sufficient to increase the admissible burnup by 10-15%; its further increase
(up to ~40%) leads to a rather weak variation of AP. For the optimal output in the stationary regime we
require about two and a half runs (see Fig. 1). If we require a more rapid approach in the stationary re-
gime, i.e., if we must reduce NS, then AP at first will vary weakly, and then sharply fall to zero.

*The function k(s) represented in Table 1 is characteristic of the reactor of the A-1 Atomm Electric Power
Plant in Czechoslovakia [6].- : .
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OPERATIONAL MEASUVREMENT OF BIOMEDICAL
PROTON BEAM INTENSITY

Ya. L. Kleinbok and V. M. Narinskii UDC 621.384. 668

Since 1968, a beam of protons with energies from 70 to 200 MeV has been used at the Institute of
Theoretical and Experimental Physics for biological studies and for radiation therapy of cancers. The
pulse duration of the extracted proton beam is 1.6 pysec, the repetition rate 0.25 Hz, the intensity range
2 (103-10") protons /pulse; the transverse dimension of the beam varies from 3 to 90 mm, and the energy
range is 70-200 MeV [1, 2].

The performance of biological studies required the creation of an operational system providing mea-
surement of intensity in practically single beam pulses (reciprocal duty factor, 25-10° under conditions of
strong electromagnetic interference produced by the proton extraction system at the very time of mea-
surement. The requirements imposed on the measurement system were determined not only by the tech-
nical conditions but also by the particular use of the beam. During radiation therapy, the measuring sys-
tem is a medical instrument upon the accuracy, operational simplicity, reliability, and flexibility of which
the patient's health depends. ’ '

The system must ensure measurements having an accuracy better than +3% over the entire range of
energies, intensities, and transverse beam dimensions without any readjustment of the input device (sen-
sor). The sensor must not have any effect on beam characteristics. The method for monitoring the effec-
tiveness of the system must be simple and ensure checking of the entire channel. The method for con-

structing the Iheasuring system is determined mainly by the choice of the sensor which directly senses
the beam [3]. -

The so-called transmission sensors — electromagnetic and electrostatic — fill these requirements
- most completely., The use of an electromagnetic sensor in the system developed (current transformer)
made it possible to create an interference-proof system for operational measurement of the intensity of
the biomedical proton beam using comparatively simple equipment.

2

Fig. 1. Electromagnetic sensor.

Translated from Atomnaya Energiya, Vol. 37, No.-1, pp.. 69-70, July, 1974. Original letter sub-
mitted July 2, 1973; revision submitted February 4, 1974. '
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Fig. 2. Block diagram of system for operational mea-
surement of intensity,

The electromagnetic sensor (Fig. 1) consists of the

Timer pulse Amplifier pulse
: | : permalloy ring 1 (external and internal diameters 168 and
120 mm, width 52 mm) with a winding uniformly distributed
Delay Discrimin- "|Discrimin- ' over its circumference, The winding is made of PELShO-
circuit ator,1 ator II : 0.14 conductor; the number of turns is 89 and the sensor
inductance is ~14 mH. The sensor is inside the duralumi-
num housing 2. Openings in the housing covers correspond
) — to the internal diameter of the ring. In the internal cavity
i‘i‘:f:;gi Sﬁ:’:l‘;d;me of the ring, there is the metal bushing 3 one edge of which
: is directly adjacent to the cover 4. Between the second
edge and the cover there is the circular plastic washer 5,
which is 2.5 mm thick and creates a "slit" in the solid shield
Delay ' providing interaction between the beam and current trans-
circuit former. The emfinducedinthe transformer winding deter-
' mines the voltage pulse at the sensor output. The amplitude
of the voltage is proportional to the intensity of the proton
- . beam. The operating principles of an electromagnetic
Shaping C?mc.ldelnce ' sensor are described in detail in {3] and reasonsgfor the
clreult clrouit 1 choice of design are presented.
 To record the pulses from individual signals, it is
Trip N Gontrol Delay eonvenient te use the Vph-l’? pulse.digital voltmeter, v.vhich
L. cireuit cirouit circuit is commercially produced. The minimum pulse amplitude
recorded by this instrument is 0.05 V which calls for the

L Gate pulse . use of special amplifiers (Fig.2). The choice of electronic
units for the measuring system and their layout is mainly
determined by the presence of high-intensity pulsed inter-
ference produced by the beam extraction devices. To re-
i : ' duce these effects to a minimum, the electromagnetic
sensor is thoroughly shielded; the preamplifiers PAp (K = 7) and PAyr (K = 30), the delay circuits, and
the matching circuits are located directly in the sensor housing 7 (see Fig. 1). Connection to the final
amplifiers at the control panel and the power feed to the electronic circuits is accomplished by means of
‘a special cable through the 2RM14E4Sh1V1 connector 6 (see Fig. 1) attached to the sensor housing. The
signal is fed over a shielded RK-75-2-12 cable which accompanies the power conductors and is enclosed
in a common external shield. -The signal is fed to the VCh-17 by the amplification stages A (K=17)
and A1y (K = 12) of the final amplifier through the gating circuit. Attenuators are introduced into the
preamplifier and final amplifier in order to expand the dynamic range of the amplification channel. The
preamplifier attenuators have two fixed values (1:1 and 1 :10) and the final amplifiers attenuators-have
four fixed values (1:1, 1:2, 1:5, and 1:10). The gating circuit (Fig. 3) opens the recording channel only
. at the time of a useful signal. For effective operation of the gating circuit, a circuit to delay the signal by
' 8 usec is introduced into the preamplifier.

Fig. 3. Block diagram of gate unit.
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The introduction in the gate unit, ofcircuits to discriminate againét amplifier pulse height (two dis-
criminators with thresholds Uthresh] = 0.2 V and Uthreshir = 0.7 V) and the selection of this pulse in time,
made it possible to identify a useful signal from the amplifier at the output of the gating circuit and to en-
sure effective selection of it. These measures completely protected the measurement system from inter-
ference, which made it possible to automate control of their irradiation procedures — to carry out the ac-
cumulation of a total dose with automatic beam shutoff in accordance with a previous setting, to perform
‘programmed control (with respect to dose) of patient rotation, ete,

To check the dynamic range of the measuring system and to evaluate the accuracy of the attenuators
and the stability of the entire system, a VCh-7 pulse digital voltmeter was used having a basic error A
= £0.5% Umeag ¥ 1 ml of discharge.

In studies, the beam was simulated by a current pulse from a G5-15 oscillator transmitted along a
conductor passing through the sensor opening. Measurements were made at a pulse repetition rate of 1
kHz. The tests show the error in measurements of proton beam intensity over the range 2-(10%-10")pro-
tons /pulse, does not exceed +3%. :

In order to determine the accuracy of direct measurement of proton beam intensity, a comparative
calibration of the measuring system was made using the induced activity in 12C for a broad range of beam
intensities. The test results indicated agreement within the limits of accuracy of the method of induced
activity (£6%).
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[

LEAD TRANSMISSION CURVE FOR 31-GEV ELECTRONS

A. 8. Belousov, E.*I, Malinovskili, UDC 539,121.7
S. V. Rusakov, S. P. Kruglov, '
and V. D. Saveltev

+ i

The radial distribution of absorbed energy and the transmission curve in lead were measured for a
beam of 31-GeV electrons from the Serpukhov synchrotron [1]. Measurement of the radial distribution of
absorbed energy, E(r, t), was made with LiF thermoluminescent detectors (TLD) placed within a lead ab-
sorber. The absorber was made of lead disks 200 mm in diameter. Since the TLD are small (diameter
3.5 mm and thickness 1.2 mm), their introduction into the absorber satisfies the requirements of the Bragg
—Cray principle {2] and consequently permits a determination of the energy losses in the surrounding me-
dium from the energy losses in the TLD. In addition, shower distortion associated with transition effects
at the LiF — Pb boundary is negligibly small according to [3] for our detectors having a thickness 0.6 1072
Xp.

Figure 1 shows the radial distribution E(r, t) of absorbed energy for various absorber thicknesses,
‘'The measurement error is 3% or less,

The transmission curve II(t) can be obtained from the relation

E(r, t)rdr

. () = (1)

E(r, t)rdrdt
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Fig. 1 Fig. 2
Fig. 1. Radial distribution of absorbed energy for various values of t: 1) 3.4 Xg; 2)
6.2 X3 3) 13.7 X3 4) 16.4 X3 5) 19.6 X3 6) 25.5X,.

Fig. 2. Transmission curve: O) experimental data from this work; A) theoretical

data from [4]; ----) exponential function with an attenuation factor p,.;, = 0.47 cmt,

Translated from Atomnaya Energiya, Vol. 37, No. 1, pp. 71-72, July, 1974, Original letter sub-
mitted July 9, 1973.
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stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, microfilming,
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X 7 A numerical method was used for the integration; the result-
12 67 ant transmission curve is shown in Fig. 2. In the calculations, a
- L4 radiation lengthX, = 0.562 cm was used. Beyond its maximum, the
w2 experimental transmission curve is given by an exponential function
B » with an attenuation factor p = 0.48 + 0.01 cm™, the value of which
b is in good agreement with the value for the minimum attenuation
. B coefficient in lead ypin = 0.47 cm-1,
- Results of an anaiytic calculation of cascade curves have been
4 given [4], i.e., the total number of shower electrons as a function
- of lead absorber thickness, ®g(t), for primary electrons having
2 energies from 3-10% to 10! eV, The calculation took into account
) - T the Compton effect, the effect of incomplete screening on the pair-

4 7 ” 20 26 6% production cross section, and the miagnitude of radiation losses for

' photons and electrons with energies <10'% eV. In addition, multiple-
scattering and ionization losses were taken into account in approxi-
2) 40%; 3) 50%; 4) 60%; 5)70%; 8) mate fashion. Ionization losses were assumed constant, i.e., all
80%; 7) 85%; 8) 90%. electrons lost an energy ¢, (critical energy) over a path length X,.

Fig. 3. Isoenergy curves: 1) 30%;

A calculated transmission curve for electrons of energy E,
=31 GeV was obtained from the relation

I, () = 2l &)

and is shown in Fig. 2. A value g = 7.6 MeV, the same as that used in {4], was used in the calculations,
One of the reasons for the difference between the theoretical transmission curve and the experimental curve
may be the fact that in the calculations-the ionization losses were assumed to be g = 7.6 MeV while the
energy lost by electrons over a path X, exceeds the critical energy for small thicknesses.

To determine the efficiency of a total absérption detector, it is necessary to know the value of the
absorbed energy

t
S_E(r.t)rdrdt i
e : 3)
( ( E(r,tyrdrdt .

F .

=
=)
cemg|oe—=

for cylindrical volumes of given dimensions. Isoenergy curves are given in Fig. 3 which were obtained
from experimental results,

In conclusion, the authors thank M. Ya. Borkovskii for valuable discussions.
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RADIATION AND THERMAL TESTS OF
ELECTRON-EMISSIVE NEUTRON
DETECTORS AND CABLES WITH
MAGNESIAL INSULATION

I. Ya. Emel'yanov, V. I. Vlasov, UDC 539.1,074. 88
Yu. I. Volod'ko, S. G. Karpechko,

L. V. Konstantinov, V. V. Postnikov,

and V. I. Uvarov

Electron-emissive neutron detectors (EDN) {1-5] are used widely for monitoring the neutron flux dis-
tribution in the active zones of nuclear reactors. The signal from the EDN in the bounds of the active zone
and biological shield is transmitted through cables with an internal and external conductor of corrosion-re-
sistant steel and magnesium oxide insulation [6]. The technology used for the production of cables with
magnesial insulation is used frequently for the manufacture of EDN; this technology permits the serial
-production of EDN to be organized almost without limitation in length of the sensitive part of the detector.

For a separate study of the radiation and thermal effects on the electrical properties of detectors
and cables under activé zone conditions of power reactofs, an experimental device was designed and in- -
stalled in a dry channel inserted in the active zone of the water-cooled /water-moderated research reac-
tor IVV-2. For a specified level of the radiation intensity, this permitted different temperature values to
be obtained by means of electric heaters, i.e., the temperature of the EDN and cables could be varied
within known limits, independently of the radiation intensity. :

Four EDN samples with a silver emitter were tested, representing a section of KDMS(S) cable, made
to technical specifications TUMI 098-69. The cable has a core of silver Sr 999 GOST 7222-54 with a diam-
eter of 0.55 mm, magnesium oxide insulation, analytical grade GOST 4526-67 and is clad with corrosion-
resistant steel Kh18N10T with a thickness of 0.5 mm; the external diameter of the cable is 3.0 mm. In

‘addition, four samples of KNMS(S) cable, to technical specifications TU15-06-467-69, were tested. The
material of the core and cladding was corrosion-resistant steel Kh18N10T and the insulation material was
fused magnesium oxide, periclase electrotechnically in accordance with GOST 13236-67. The diameter
of the core was 0.5 mm, cladding thickness 0.6 mm and the external diameter of the cable was 3.0 mm.
The EDN and cable samples, before testing, were outgassed for 7h at a temperature of 750-800°C.

The V-I characteristics of the EDN and cables were obtained at different levels of radiation intensity
and temperatures (over the range of voltages from —50 to +50V) and proved to be close to linear. The
short-circuit current — the EDN current, or background current of the cable — and the insulation resis-
tance were calculated on the basis of the V-I characteristics.

The experimental data on the resistance of the EDN insulation (Fig. 1) were processed in accordance
with the theoretical dependence of the conductivity of a2 mineral insulator on temperature and radiation
intensity [7]. The relation is based on the assumption that the conductivity o of the insulation consists of
a thermal ot and radiation-thermal opaq component, i.e., the resistance of the insulation is expressed in
the following way (for a specified temperature and radiation intensity):

Bo=(gst 7)) (1)

T ranslated from Atomnaya Energiya, Vol. 37, No. 1, pp. 72-76, July, 1974. Original article sub-
mitted July 19, 1973.
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Temperature dependence of the EDN
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insulation resistance for the following values
of y-radiation intensity and thermal neutron

flux.,
Arbitrary  [y-radiation dose in-| Neutron flux,
symbols  [tensity, rad/sec n/em? s sec

Y outside reactor

o) 2,8.103 1,7-1012
A 8,4.102 5,1.4012
v 1,1-104 6,7-1012
a 1,4-104 8,5.1012
& 1,7-104 1,0-1013
] 2,2-104 1,4-1018
© 2,8-104 1,7.1013
& 3,4-108 2,0-1013
@ ! 4,8-104 2,9-1013
) 5,0.104 3,1.1013
O 6,7-104 4,1-1013
* 7,8-104 4,8-1013
X 8,4-104 5,1.1013
* 9,0-104 5,4.1013
& 1,0-108 6,3-1013
& t,1-105 6,8-1013
0 1,2-105 7,3.1013
) 1,4-108 8,5-1013

Note, 1) Curve, corresponding to calculations by formula
(1), using formulas (2)~(4); 2 and 2°) confidence limits,

with confidence coefficient of 0,99; 3) curve obtained

from formulas (3) and (4),

where R; is the insulation resistance at a given tempera-
ture outside the reactor.

"It can be seen from Fig. 1 that the radiation-ther-
mal component of the conductivity is much greater than
the thermal component and Ry.,4 mainly determines the
magnitude of the total resistance of the insulation., Em-
pirical temperature relations between R34 and R; for
EDN have been obtained: '

Ryog=T7%?exp (10.6 — 2.0-1072 4+ 12000/7);  (2)
Ry =exp (9900/7 +4.6), 300 <T < 750°K; (3)
Ry =exp (13700/T — 0.44), 750 < T < 1100°K, (4)

where T is the absolute temperature, °K; Rpgq and R;
refer to 1 m length of detector and are expressed in
Q+m. -The curves plotted in Fig. 1 are calculated by
formula (1), using formulas (2)-(4), and also the values
of Ry, outside the reactor calculated by formulas (3)
and (4), with confidence limits in the calculation of Rip
in the reactor, and with a unidirectional confidence
coefficient of 0.99,

The considerable difference, with identical tem-
perature, between the value of the resistance outside
the reactor and inside the reactor (see Fig. 1) and the
weak stratifcation of points corresponding to different
radiation intensities, are explained by the change of
conductivity mechanism of magnesium oxide during its
irradiation with fast electrons, outgoing from the emit-
ter. p

The current in the EDN, with a constant neutron
flux, increases with increase of temperature, and the
temperature dependence of the current at temperatures
above 400°C is close to exponential, The sensitivity of
the EDN, defined as the EDN current referred to unit
neutron flux and to unit length, depends considerably

‘'more weakly on the intensity of the reactor radiations

than on the temperature, and with increase of radiation
intensity it decreases. The growth of the EDN current
with increase of temperature for a constant neutron
flux may occur on account of the increase of the velocity
of the nuclear reaction of the neutron absorption in the
silver'as a result of Doppler broadening of the neutron
resonances (8], Over the temperature range from nor-
mal to 750°C, the Doppler broadening of neutron reso-
nances for silver leads to an increase of neutron ab-
sorption by 15-20% which, clearly, does not adequately
explain the observed increase of the EDN current.

"Analysis of the experimental data showed that the de-

pendence obtained for the sensitivity of the EDN on the

temperature and neutron flux, can be interpreted conveniently by using the product of the thermal neutron
flux and the resistance of the EDN insulation, ¢TRjy,, which is proportional to the magnitude of the electric
potential barrier in the EDN insulation [9]. It was established (Fig. 2) that with a constant value of ¢TRyy,
the sensitivity of the EDN depends weakly on the temperature and the neutron flux, By processing the mea-
surement results, shown in Fig. 2, by the method of least squares, the following empirical dependence of
the EDN current on the neutron flux and the factor ¢pRy, was obtained:

. n G.RIp\2 bR o '
igpn=1.2-10", exp [0.15(1g,ﬁ1_1(;;-3) -—2.51g#1%5], _ | (5)
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Fig. 2. Dependence of EDN sensitivity on ¢TRp,
1) curve corresponding to formula (5); 2 and 2')
confidence limits for a confidence coefficient of
0.99. The nomenclature of the experimental
points is the same as in Fig, 1.
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Fig. 3. Dependence of cable background current, referred to unit y-radiation dose
intensity, on P,Ry,: 1) Curve corresponding to formula (10); 2, 2') confidence limits,
with confidence coefficient 0.99; ®) tests with independent change of radiation inten-
sity and temperature; @, ©, O) tests of nine cables with different positions in the
reactor, v : : .

Fig. 4. Calculated dependence of EDN current on reactor capacity: 1, 2) coolant tem-
perature 50 and 280°C respectively.

where igpN is the EDN current, referredto1 m length of detector, A /m; ¢y is the average thermal neu-~
tral flux along the length of the sensitive part of the detector, n /cm?-sec; Ry is the resistance of the de-
tector insulation, referred to 1 m of its length, ohm.m. Figure2 shows the curve corresponding to for-

mula (5), and the confidence limits for a unidirectional confidence coefficient of 0.99.

Relations (2) and (5) are responsible for a v-irradiation dose intensity of 2 - 103-1.5-10°% rad /sec, with
values of the first neutron flux, of energy greater than 1 MeV, within the limits 6 - 1010-6-10'2 n/cm? - sec

and with values of the thermal neutron flux of 1-10'%-1-10'¢ n/cm?-sec. The low temperature limit of
applicability of the formulas (for the series of measurements given) is equal to (4 10‘3P»y)°C, where %

is expressed in rad /sec and the upper temperature limit is 720-750°C.

The tendency to flattening out of the curve shown in Fig. 2 for large values of the factor ¢rRy, per-
mits the conclusion to be drawn that EDN having a high insulation resistance at working temperatures and
a relatively high intensity of g-particle generation in the emitter, should have the greatest stability with-

respect to sensitivity.
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8,8-1020
1
1
3
4
5

Rin
2
8

4,6-1020

Rin
9.409
2

3

7

3

[ 11

6,7.10-8
8,1.10-8

2,8.1020

Rp
7.107
4.407

- [

1
1
1
1

2,0-1020

Integrated fast neutron flux, n/cm’
Rin
2
9
8
7

1,6-1020

Rip

3,0-1017

Rin

°C

dose intensity, | Temperature,

y-radiation
rad/sec

1

3

7

1

1

1

*Insulation resistance Ry, in ohm.m, and background current i in A/m,

The nature of the sensitivity dependence of EDN on the height
of the potential barrier has not been explained, however in future
when considering this effect it should be taken into account that,
with fast electrons "shooting throughr thin films of magnesium
oxide {10], a large number of secondary emission electrons are
formed, with energies of the order of several electron-volts, and
that these electrons are moving mainly from the emitter to the col-
lector. At the same time, according to estimates made, the height
of the potential barrier for the conditions of radiation and tem-
perature corresponding to the experimental results shown in Fig. 2,
is varying over the limits 0.003 to 30 V. The change of sensitivity
of the EDN can be caused by a change of distribution of the electric
potential in the dielectric as a function of the level of reactor radia-
tion and temperature, and the effect of this changing distribution
on the passage of the secondary emission electrons. :

Data on the resistance of the cable insulation were processed
just as in the case of the EDN. Empirical relations were obtained
between Rip and the temperature and radiation intensity: for 150~
500°C

Ryoq=3.3.401873/2p-0.81 (6)
Ry = exp (10400/T -+ 6.6); (7
and for temperature of 500-720°C
Ryoq= 4100732 P38 exp (18.8 4-8300/7), (8)
R, =exp (18200/T — 3.3). (9)

The resistance of the cable insulation Ry, in the reactor can
be determined from formula (1) by means of Egs. (6)-(9); for this
calculation, the confidence limits for unidirectional confidence
coefficient of 0.99 correspond to a change of Ry, from 0.2 to 5Ryy.

The resistance of the cable insulation is higher by one or two
orders than the resistance of the EDN insulation at the same tem-
perature and radiation intensity. The difference between the values
of the insulation resistance outside the reactor and in the reactor,
at the same temperature, is considerably less for the cable
than for the EDN. With values of the y-radiation dose intensity of
2.8°10%-1.4°10% rad /sec, the resistance of the cable insulation
depends weakly on the radiation intensity in comparison with the -
temperature dependence; however, it is stronger by far than in the
case of the EDN.

The cable background current is proportional to the radiation
intensity at low temperatures and has a polarity which corresponds
to a "minus" sign in the core of the cable [6]. In contrast to the
EDN current, the main contribution to the generation of the cable
background current is carried by the reactor y-radiation [6]. When
processing the experimental data on the cable background current,
just as for the EDN, the potential barrier representation was used.
Analysis of the data showed that for a constant value of the product
RyRyp (y-radiation dose intensity and insulation resistance) the
cable current, referred to unit dose of y-radiation, depends weakly

on the temperature and intensity of the y-radiation dose. Data on

the cable current are represented in Fig. 3 as a function only of
the product P, Ry,. As a result of processing the points of this’
relation, an empirical relation was obtained between the cable

current and the y-radiation dose intensity, and the factor PyRin:

lix|= o+ 3.6-10714P, [3.9 1g (PyRyy) — 401, (10)
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where Iik| is the absolute value of the cable current, referred to unit length of cable, A /m; i, is the com-
ponent of the background current, which is independent of the radiation intensity and the temperature, A
/m; Ry is the resistance of the cable insulation, referred to unit length of cable, ohm-m and P, is the
vy-radiation dose intensity, rad /sec.

For a cable functioning in the active zone for a long time (up to an integrated neutron flux of order
310! n/cm?), the value of i is equal to (1-2)-10~% A/m, i.e., it amounts to a very small fraction of the

* total current., The curve obtained from formula (10) is plotted in Fig. 3 and also the confidence limits for

the quantity |ii—is| /P, for a unidirectional confidence coefficient of 0.99. The limits of applicability of
formulas (6) and (8) with respect to radiation intensity and temperature coincide with the corresponding
limits for formula (2). :

In addition to the tests of four cables in the experimental device mentioned above, nine samples of
cable were also tested at three other cable positions in the active zone at other values of radiation fluxes
[6]. Plottedin Fig. 2 are the experimental results which correspond to the results of these tests and which,
as seen from the figure, agree very well with the results of the tests on the four samples. Such good
agreement was obtained also in the comparison of the data on the insulation resistance. As a result of the
measurements carried out on the nine cable samples, the dependence was obtained of the insulation re-
sistance and cable background current on the level of the reactor radiations for different values of the in-
tegrated radiation dose (see Table). The temperature of the samples varied within the limits 160-590°C,
on account of radiation heating, depending on the radiation intensity.

By processing the values of Ry, given in the table, the dependence of Ry, on the integrated fast neu-
tron flux was obtained:

- © Ry, = Roexp (3.6—2300/T +0.12$6¢-107%), : - QA1)

where R, is the insulation resistiance, calculated by formulas (1) and (6)-(9) and with a c'orreSponding inte-
grated fast neutron flux of order 10!" n/cm?, expressed in ohm-m; T is the absolute temperature, °K
and ¢6t is the integrated fast neutron flux, n/cm?.

Formula (11) is obtained on the assumption that Ry, depends on the radiation intensity considerably
more weakly than on the temperature, and is suitable for a rough estimate of Ry with an integrated fast
neutron flux of up to 9102 n/cm?. With increase of the integrated flux, the value of Rip increases or re-
mains approximately constant (depending on the temperature), and therefore in order to estimate Rp be-

.low, formulas (1) and (6)-(9) can be used.

For an estimate from above of the value of the background current for specified temperature, radia-
tion intensity and integrated fast neutron flux (upto9- 10%n /cmz), formula(10) can be used. Significant
deviations up to 35% on the lower side of the values obtained by this formula are observed only at (1.6-2)
102 n/cm? The component of the background current iy, independently of the radiation intensity, is de-
termined by the operating conditions of the reactor during buildup of the integrated radiation doses. In
this experiment, it varied within the limits of (1-16) -10™% A /m, but did not exceed 20% of the total cur-
rent for a dose intensity of 1.8 -10° rad /sec.

We shall consider the error in measuring the energy release distribution by means of EDN, due to
temperature effects. The difference in temperature of detectors positioned at different places in the active
zone of the reactor should be reduced, as far as possible, to a minimum. In reactors where the coolant
temperature (for example, in a steam—water mixture) is constant with sufficient accuracy, the main reason
for the temperature differences of the detectors is the indeterminancy of positioning the detector in a dry
channel, causing considerable differences in the magnitude of the temperature drops due to radiation heat-
ing. "In a calculation, carried out by using relations (1)-(5) for an EDN monitoring system, of the energy
release distribution of a large power reactor of the channel type, the spread of the EDN current variations
due to temperature effects amounted to +5%. The calculated dependence of the EDN current of a power
reactor on the capacity of the reactor is shown in Fig. 4. '

The dependence of the EDN sensitivity on the neutron flux defines the range of operation of the EDN
for a specified nominal flux value. In practice, a reduction of the neutron flux usually is associated with a
reduction of temperature of the detectors and, consequently, also with an increase of the resistance of the
insulation, which promotes stabilization of the factor ¢pRpy,, i.e., also of the sensitivity of the detector.

The results obtained inthis present paper confirm the validity of the assumption concerning the important
role of electric fields in EDN insulation for the process of current generation in the detector [11].
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THE PROBLEM OF CALCULATING A POLYCELL
IN P;-APPROXIMATION

A. D. Galanin, V. V. Smelov v : UDC 621.039.512.25 -
and B. Z. Torlin

For the one-velocity calculations of complex cells in P;-approximation in {1, 2], certain differences
are suggested between the procedure itself. In {1], the neutron field both inside the slug and outside of it,
down to 2 certain arbitrary limit, and differingfrom the field of the adjoining slugs, is described by a series
which takes into account certain azimuthal harmonics of the field. The field of the adjacent slugs is appro-
ximately (on average) "matched" to this arbitrary limit. '

It is assumed in [2] that the ninherent" field of every slug possesses cylindrical symmetry, The neu-
tron field outside of the slugs is equal to the sum of the intrinsic field of all slugs of the lattice, and there-
fore they depend on the azimuthal angle. As the basic assumptions made in these papers are different, then
it will be interesting to compare them by some example. '

For this purpose, a series of calculations was carried out on several variants of a double hexagonal
lattice with a 1:3 ratio of the number of slugs of first and second type. Both slugs are circular, with ex- "
ternal and internal radii of the ring 2.5.and 2 cm respectively. The moderator inside and outside of the
ring was assumed to be nonabsorbing with a scattering length of 2.5 cm. The scattering length of the ma-
terial of the ring-shaped slugs was assumed equal to 10 cm. o '

In such a cell, the dependence of the "inherent field? on the azimuthal angle ¢ should be, for a slug -
of the first type (see Fig. 1): ' S o

a=bcos by, U ,'-:(1‘)._ ,

/'. 60°

/ ic.:? cm Zf5c cr:ln g

pitch

Fig. 1. Arrangement of slugs in the lattice being considered
(the chained lines show the axis of symmetry). I) Slug of first
type; I slug of second type.

Translated from Atomnaya I:Zlnergiya, Vol. 37, No. 1, pp. 76-77, July, 1974. Original letter sub-
mitted August 13, 1973.

© 1975 Plenum Publishing Corporation, 227 West 17th Street, New York, N.Y. 10011. No part of this publication may be reproduced, | -
stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, microfilming, |
recording or otherwise, without written permission of the publisher. A copy of this article is available from the publisher for $1 5.00.

762

Declassified and Approved For Release 2013/02/21 : CIA-RDP10-02196R000400040001-6




Declassified and Approved For Release 2013/02/21 : CIA-RDP10-02196R000400040001-6

"TABLE 1. Comparison of Values of Mutual and for a slug of the second type:
Slug Effect, Calculated by Means of the Pro-
) d cos 2q,.
cedure from (1, 2] ¢ cosip )

Neglect of this effect in [2] would be expressed in the

;f:;ﬁm argy | Aty | g accuracy of the results.
. §! 121 .
! The values of the mutual slug effect (ratio of the
7.5 : 0,7394 | 0,7410 | 0,2 average fluxes in ring-shaped slugs of second and first
10 0,05 0,20 | 0,6919 | 0,6921 | 0,03 = = ,
15 0.6402 | 0.6401 | 0.016 type &, /&), calculated by means of the procedures taken
7,5 0,5242 | 0,5242 | 0,24 are s in Ta ’
10 0.10 050 | 04724 | 0'4730 | 012 . from [1, 2], ar h'own in Table 1 for a.number.of values
15 0,4263 | 0,4264 | 0,025 of the product of thickness A and the microscopic absorp-
7,5 0,3784 | 0,3817 | 0,9 ; ~ ; P :
10 0,20 1,00 | 0’3438 | 0’3448 | 0'3 tion cross-section Za of the ring shapeg slugs of first
15 | 0,3148 [ 0,3152 | 0,13 and second type (AZ, and AZ,, respectively). It can be
*Divergences between results, obtained by means of . seen that the divergence in the values of the mutual slug
the procedires from [1, 2], ) effect are almost insignificant, but for more closely

packed lattices and with greater absorption, these di-
vergences are somewhat larger. But even for lattices with such strong absorption as in the last three
variants, neglect of the azimuthal dependence of the "intrinsic field" of the slug in the method from [2] did
not lead to significant errors. : ' '
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MEASUREMENT OF CERTAIN CHARACTERISTICS
OF %4%Bk

V. M. Glazov, R. I. Borisova, : ’ ‘ UDC 539.16
‘and A. I. Shafiev : :

In the series of isotopes of berkelium with mass numbers 243-250, the isotope 9Bk is of practical -
interest. The possibility of accumulation of this isotope in amounts of several milligrams permits its use
in 2 more profound study of the physical and chemical properties of compounds. The wide use. of this iso-
tope necessitates a knowledge of certain nuclear characteristics of 29Kk . The purpose of this work was to
determine the maximum energy of the 8 particles of 249k and its half-life, :

In the work we used a preparation of 249Bk isolated and purified of trivalent elements by repeated
sorption of its tetravalent jons on zirconium phosphate from a solution of 1 N nitric acid, freed of cerium
on an anion exchange resin [1]. The purity of the preparation of Bk was verified by measuring the-
boundary energy of 8 radiation, as well as by y— a-spectrometry.

In this work the maximum f radiation energy of 4Bk was determined by two methods: on the basis
of the Curie graph and by the method of absorption. :

The § spectrum of 2Bk was measured with a stilbene crystal detector with a FEU-13. To construct
the Curie graph (Fig. 1) we calibrated the spectrometer according to conversion electrons on the basis of
the isotope 14™In 113Sn and !37Cs. As can be seen from Fig. 1, in the region of low energies a deviation
of the Curie graph from linearity is observed, which is associated with the influence of the finite thickness
of the source. The maximum energy of the 8 particles of 9Bk, determined on the basis of the Curie graph,
considering the error, was 123 + 3 keV, ' '
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Fig. 1. Curie graph for the §  Fig. 2. Curves of the absorption of Fig. 3. Determination of the
particles of 249 Bk. g particles in aluminum. half-life of 2°Bk, '

Translated from Atomnaya Energiya, Vol. 37, No. 1, pp. 78-79, July, 1974. Original letter sub-
mitted November 4, 1973, revision submitted November 27, 1973.
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The method of absorption is based on a comparison of the maximum 8 particle energies of the iso-
topes, the energies of which have been sufficiently well determined, with the energy of the unknown isotope.
In this work, the absorption curves were taken on a T-25-BFL counter with thickness of mica 1 mg /cm?
for isotopes with 8 radiation energy (14C with E = 155 keV; %S with E = 167 keV) and for 4Bk, the energy
of which had to be determined (Fig. 2). The experimental value of the maximum energy of the g particles
of 9Bk, determined by this method, proved equal to 124 +3 keV. According to the published data, the
boundary energy of the spectrum of g particles is 80 + 20 [2], 100 + 20 [3], 114 + 15 [4], and 125 * 2 keV
[5]. Thus, the results of this work are in good agreement with the data of [5]. '

The half-life of 2#°Bk was determined by a radiometric method. The activity was measured for one
year with a T-25-BFL end-window counter with an accuracy of 0.5%. The stability of the setup was veri-
fied according to a preparation of !4C. During the entire period of measurements, the apparatus errors
did not exceed the set statistical error, equal to 0.5%, at the 95% confidénce level,

The results of the experiment are shown in Fig. 3. The value found for the half-life of 24°Bk was
325 + 7 days. According to the published data, the half-life of 24°Bk is equal to 290 + 20 (2] and 314 * 8
days [4]. It is evident that the results of this work are in good agreement with the data obtained by other
authors [4]. '
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USE OF RADIATIVE CAPTURE OF THERMAL
NEUTRONS TO DETERMINE THE ASH
CONTENT OF COAL

L. P. Starchik and Yu. N, Pak UDC 621.039.89

Various methods have been suggested for monitoring the ash content of coal and its concentration
products on the basis of the absorption and scattering of x-rays and gamma rays [1]. Many of these meth-
ods are used to analyze concentrated coal. The possibility of determining the ash content of run-of-mine
coal by the absorption of hard gamma radiation was demonstrated by Klempner et al. [2]. However, the
action of such disturbing factors as variations in grain-size composition and moisture content distort the
results of the ash content measurements.

Analysis of the neutron physics of coal reveals that the ash content can be determined by means of
the gamma radiation emitted by radiative capture of thermal neutrons,

The coal is made up mainly of carbon and the ash-forming elements. About 95% of the ash is made
of aluminum, silicon, sulfur, calcium, and iron. The cross section of the carbon nucleus for the radiative
capture of thermal neutrons is so small (about 3 mb) that the gamma radiation arising in this reaction can
be neglected, For the ash-forming elements, the capture cross section is about two orders of magnitude
higher. The most intense gamma lines due to capture of thermal neutrons by the nuclei of ash-forming
elements lie in the region from 4.93 MeV (Si) to 7.73 MeV (Al) [3].

The measurement geometry is shown in Fig. 1, The coal sample is placed in a paraffin reflector
between a Po—Be neutron source with a power of about 107 neutrons/sec and an NaI(T1) scintillation de-
tector 80 x 80 mm in size. As a protection against activation and to reduce the background radiation, the
detector is surrounded by a screen containing boron, with a density of 3.6 g/cm?, and is protected from
the direct radiation of the source by a lead cone 10 c¢m long,

Increase in the cell diameter above 50 cm gives practically no increase in the rate of capture of
gamma radlatlon with energies from 5.0 to 7.8 MeV. The optimum thickness of the coal layer was deter-
mined from the condition of maximum independence of the measurement results from disturbing factors,
in particular the moisture content of the coal. In estimating the ash content of coal from a borehole by
means of the (ny) reaction, Yakubson et al, [4] obtained independence from the moisture content by regi-
stering the ratio of the gamma-ray intensities in two energy ranges, E; =1.5-2.5 MeV and E, = 3.0-10.0 MeV.

Fig. 1. Measurement geometry. 1) Po—-Be
neutron source; 2) lead cone; 3) Nal(T1) scin-

- tillation detector; 4) boron screen; 5) coal
sample; 6) paraffin reflector.

7y
1
Translated from Atomnaya Energiya, Vol. 37, No. 1, pp. 79-80, July, 1974. Original letter sub-
mitted January 14, 1974.
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The Monte Carlo method was used to calculate the distribution of slow neutrons in a hydrogen-con-
taining substance (5]; it was found that at certain distances from the source, the density of the flux of slow
neutrons is independent of the moisture content. This was used in choosing the thickness of the test sample
of coal. For thicknesses from 15 to 30 cm, the moisture content has practically no effect; for smaller
thicknesses (7.5 cm) an increase in moisture content leads to a rise in the gamma quantum count rate at
5.0-7.8 MeV (Fig. 2). '

If the layer thickness is between 15 and 30 cm, the bulk density of the coal has a slight influence on
the results of an ash content determination (a 15% increase in density leads to a 1.8% increase in count
rate), '

On the basis of the experimental results we chose a nearly optimal measurement geometry: the cell
diameter was 50 cm and its thickness 22 cm.

The count rate most closely and sensitively correlated with the ash content is that between 5.0 and
7.8 MeV (Fig. 3). The error in the analysis of the ash content was 5 rel, % for ash contents up to 50%
- and a measurement time of 30 min. The fragment size of the coal was 0-25 mm. The weight of the sam-
ple was about 50 kg. The background equivalent to the ash content was 4.7%.

The accuracy of determination of the ash content by means of the rate of capture gamma radiation
can be influenced by variation in the elementary composition of the ash, mainly by the iron content, be-
cause the macroscopic cross section for capture of thermal neutrons by an iron nucleus is several times
greater than those for the other ash-forming elements [3].. Therefore the results of analysis of the ash
content must be corrected for the iron content of the coal.

The iron content can be monitored independently of the ash content by measuring the ratio of the
count rates in the regions 6.6-7.8 MeV and 4.0-5.0 MeV (see Fig. 3).

In the chosen measurement geometry, as well as the (nvy) reaction there may be inelastic scattering
of fast neutrons. The (n, n', v) reaction on carbon leads to the formation of 4.43 MeV gamma rays, which
lie below the chosen energy range. The contribution made by 6.1 MeV gamma rays due to inelastic scat-
tering by oxygen nuclei does not interfere with the ash content analysis, because oxygen in the coal is
mainly combined with ash-forming elements,

By using the radiative capture of thermal neutrons we can determine the ash content of coal, and by
using semiconductive detectors with large sensitive volumes we can analyze the elements contained in the
ash. ' '
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INFORMATION

BLACK HOLES ARE REAL

N. A. Vlasov

The astrophysical riddle of nblack holes® is assuredly one of the most interesting and basic problems
of modern physics, Its study touches upon the most fundamental concepts of space-time and of the evolu-
tion of the universe. ‘

The name of "black holes" has been given to celestial bodies whose radius is smaller than the so-
called gravitational radius R, = 2GM /c? (where G denotes the gravitational constant). The principal pos-
sibility of the existence of black holes is unquestionable and follows from the fact that the gravitational
potential, reciprocal to the radius of the body, is unlimited and, if the radius of a body is less than its
gravitational radius, no known forces can prevent collapse. As long ago as in the 18th century Laplace
noted that one can imagine a body from which it is impossible to escape even at a velocity of light, and
gave the correct radius which has been later called the gravitational radius. In fact, neither photons
nor neutrons can escape from under the gravitational radius, not to mention particles with a finite rest
mass. The sense of the name "black hole" is thus quite clear,

Although the theoretical aspects of black holes have never been questioned, it is not clear whether
conditions of their formation are realizable. v

The notion that black holes can actually exist grew up in the first half of the present century in con-
nection with the analysis of stellar evolution, With all the immense multitude of processes participating
in stellar evolution one can note one common trend: the growth of the density of matter in the interior of
stars. The condensation of matter is caused by gravitational contraction. In Sun type stars. this conden-
sation is opposed by the kinetic pressure of matter heated by nuclear reactions. When the fuel ends, fur-
ther contraction and condensation of matter is inevitable, Ultimately, the star can evolve into a white
dwarf, a neutron star, or black hole. In white dwarfs and in neutron stars, gravitational contraction is
opposed by degenerate electron and neutron gas respectively, whereas in a black hole contraction over-
comes any internal pressure. '

The particular course of evolution depends on the mass of the star. A star with a mass equal or
less than that of the Sun becomes a white dwarf, stars with a mass of one and one half to three solar
masses turn into neutron stars, while those with masses more than three times the solar mass should be-
come black holes, The limiting mass separating néutron stars from black holes is not very well known
as it depends on still obscure properties of matter of ahigher density thannuclei. Nevertheless, three
solar masses are considered to be the upper limit of neutron stars. Any star which at the end of its evolu-
tion has a mass of more than three solar masses should become a black hole.

The massés of known stars range from tenths to several tens (~60) of solar masses, Still heavier
stars are unstable. The probability of formation of stars with different masses is not very well distin-
guished. If in the course of their evolution stars were to lose no mass, most stars would turn into black
holes. However, there is no proof that some mechanism may not exist by means of which a star loses its
mass so that the formation of black holes is prevented, Many such mechanisms are now known in astro-~
physics: from eruptions on cold planets to giant supernova explosions. Thus, notwithstanding its obvious
inevitability, the formation of black holes was a hypothesis in need of a conclusive proof.

The discovery of pulsars, which are generally thought to be rotating neutron stars, heightened the
belief in the reality of black holes, and stipulated a vigorous discussion and search for such stars, The
existence of at least one such black hole has been, apparently, quite conclusively proved_ [1-3].

Translated from Atomnaya Energiya, Vol. 37, No. 1, pp. 81-82, July, 1974.
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Near the center of the cross in Cygnus,’ well visible in our sky, there is a recently discovered x~-ray
source of variable intensity (Cygnus XI). It has been found that the source coincides with a double star
of which only one component isvisible, By various estimates, the mass of this invisible component is six
times the solar mass. With such a large mass, the invisible body should be a black hole as can be in-
ferred from various conclusions. X-ray radiation is emitted by matter falling onto the black hole. From
the large visible star matter flows to the invisible dense star. This matter forms around the black hole a
disk similar to the rings of saturn. The smaller the radius of the disk the faster it rotates. Friction be-
tween the disk layers causes heating and radiation. The radiation comes not from the black hole proper
but from matter still rotating in its gravitational field. An analysis of many observations of the quite char-
acteristic variability of x-ray and visible radiations of the source in Cygnus provides convincing evidence
that one of the double-star components is actually becoming a black hole. For an external observer, the
transition process is infinitely long, but in the coordinates of the star time flows much faster and the gravi-
tational radius is crossed in a finite and quite short time. That which takes place for an internal observer
after the gravitational radius is crossed constitutes an unattainable future for an external observer. Such
are the inevitable conclusions of the relativistic lack of clock coordination. Thus, strictly speaking, an
external observer can see only the process of contraction until matter crosses the gravitation radius and
can never witness the instant of closure.

If the mass of the invisible component of the double star in Cygnus is actually six times the mass of
the Sun, its radius must be at least 18 km as the gravitational radius of the Sun is nearly 3 km. Thus, the
dimensions of black holes as observed from the outside are very close to the dimensions of nuclear stars
whose radii are of the order of 10 km. Consequently, the differences between a neutron star and a collaps-
ing black hole are not especially great for an external observer,

Other possible black holes have also been mentioned but with much less convincing evidence, - For
example, 1. S. Shklovskii [4] suggested that the x-ray source in Scorpius is a black hole. However, in
subsequent publications the source "paled" until it has been declared to be a white dwarf. Of particular
interest was also a quite long list of double stars among which an invisible component of large enough
mass has been looked for, however, only for one of them we have sufficiently convincing evidence for as-
suming it to be a black hole.

Several different mechanisms of black hole formation are theoretically possible. For example, in
very dense matter, such as the expanding Universe is supposed to have been in the distant past, black
holes of any, including very small masses could have formed as a result of local condensations. However,
‘all these hypotheses and their modifications such as the suggested fall of black holes to the Earth and their
explosions, etc., are not nearly as realistic as the formation of black holes in the process of stellar evolu-
tion. The former hypotheses may be difficult to disprove, but are still harder to confirm and all the more
to prove.

Black holes are also interesting as marginal objects in the relativistic theory of gravitation. In the
course of their formation and evolution, upto 30% of their rest energy can be emitted as electromagnetic,
neutron, and gravitational radiation. The rest is forever hidden from our world: all that remains is a
gravitational field in the form of a bottomless sinkhole in curved space-time, It has been proved that the
mass of a black hole cannot be diminished by any means so that no energy can ever be taken out of it [5].
Modern physics has still not fully mastered such storage objects in the neighborhood of which elementary
mechanical processes are irreversible and the familiar law of conservation of the baryon charge becomes
meaningless, i.e., ceases to be a law. Several ways out of this difficulty have been suggested. Pati and
Salam [6] suggested, for example, that the baryon charge is in general not conserved in weak interaction
processes but no free proton decay is observed because such a decay must take place through virtual quarks
so that its probability is exceedingly low. This, however, can be considered as an example of a revision
of the most fundamental physical concepts caused by speculations about the process of gravitational collapse
and the formation of black holes. The future promises not less interesting results of further explorations
and deliberations.
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INFORMA TION: CONFERENCES AND MEE TINGS -

35TH SESSION OF THE ACADEMIC COUNCIL OF
THE JOINT INSTITUTE OF
NUCLEAR RESEARCH

V. A, Biryukov

The 35th Session of the Academic Council of the Joint Institute of Nuclear Research (JINR) took place
on January 15-18, 1974. The Session was attended by leading scientists of ten Socialist member-countries.
The Session summarized the achievements of the Institute in 1973 and approved the research activities
planned for 1974. '

The Institute's Director N. N. Bogolyubov reported on the fulfillment of the resolutions of the Acade-
mic Council. He stressed the importance of the new five-year plan for the future growth of the Institute.
In the name of the Board of Directors and of the Academic Council, N. N, Bogolyubov congratulated the
staff of the oldest laboratory of the Institute, the Laboratory of Nuclear Problems, on the occasion of the
25th Anniversary of its organization. Scientists of this laboratory heavily contributed to progress in
‘physics of elementary particles and atomic nuclei, in reactor physics and engineering, and to the develop-
ment of original methods of investigations. The laboratory enjoys well-earned world-wide recognition in
all nuclear centers, ' .

Summary reports have been presented by the Directors of the JINR laboratories.

D. I. Blokhintsev told about the new work of the scientists of the Laboratory of Theoretical Physics,
Much work has been done last year on the study of self-similar asymptotics within the scope of the general
principles of the quantum theory of fields. They were discussed both as a purely theoretical topic and in
application to experimental analysis. Conditions have been determined for spectral functions under which
the electromagnetic differences in proton and neutron masses is finite. New results have been obtained
in studies of the self-similar behavior of interaction processes of high-energy particles.

_ An asymptotic analysis has been carried out for several quantum-field models based on the composite
Young —Mills field which are free from "null-charge" difficulties.

Progress has been achieved in the quasi-potential theory of high-énergy particle scattering, Predic-
tions have been made for planning future experiments in the high energy range including experiments in the
Batavia and CERN accelerators. - ' - )

Experimental data on II-p and I-n interactions with a 40 GeV/sec momentum, obtained in the Ser-
pukhov accelerator with the aid of a two-meter propane chamber, have been described. in cooperation with
the scientists of the Laboratory of High Energies on the basis of a coherent state model.

Nonlinear and nonlocal field theories have been advanced including some important calculations in the
domain of high and low energies (the pion form factor Fyp(t)). -

The nuclear level densities at moderate and high excitation energies have been calculated on the basis
of the semimicroscopic approach. The results were found to be in good agreement with experimental data
obtained at neutron binding energies. Calculations indicate that large density fluctuations take place in
nearly magic and intermediate spherical nuclei even at neutron binding energies and that large differences
should be observed in the number of levels with positive and negative parity.

Translated from Atomnaya Energiya, Vol. 37, No. 1, pp. 82-85, July, 1974.
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It has been shown that interactions of ions with nuclei at energies close to the Coulomb barrier give
rise to an interference effect involving nuclear forces. This causes drastic changes in cross sections as a
function of energy and scattering angles as observed experimentally.

A. M, Baldin reviewed the activity of the Laboratory of High Energies. The 70-GeV accelerator of
the Institute of High-Energy Physics (Serpukhov) has been used to study the asymptotic behavior of scatter-
ing amplitudes of neutral kaons. A magnetic spectrometer with an on-line computer gave the following
results: the K3 — K{ regeneration amplitude modulus in deuterium has been found to decrease with the
incident kaon momentum and the phase of this amplitude, to be independent of the kaon energy (the phase is
—135 £4°). This agrees with the predictions of the model of complex angular momenta for the case of
omega-pole exchange. The energy dependence of the regeneration amplitude modulus in neutrons has been
obtained, and the kaon regeneration amplitude in carbon and the phase of this amplitude have been mea-
sured. The experimental material has been analyzed at the JINR as well as at the Central Institute of
Physical Research (Budapest), the Physics Institute of the Czechoslovak Academy of Sciences (Prague),
and at the Institute of High-Energy Physics (Berlin). The analysis of data on the dependence of the vector
and scalar form factors of a neutral kaon on the imparted momentum has been completed. It has been
shown that assuming y —e universality, it is possible to obtain a single solution for the linear parametriza-
tion constants of the form factors. Experimental data on elastic small-angle pd scattering, obtained on
the same accelerator, have been used to find the nuclear form factor of deuterons, Physicists of the JINR,
the Institute of High-Energy Physics (Serpukhov), and the University of California (USA) using the magnetic
spark spectromenter analyzed the elastic small-angle scattering of negative pions by protons at 50 GeV.
The ratio of the real fraction of the amplitude to the imaginary fraction for elastic forward scattering has
been found to be —-0.07 + 0,05,

The TI-p, Tkn, and D-K interactions at 40 GeV have been studied with the did of a two-meter propane
chamber jointly by 16 laboratories of the member-countries, Preliminary results have been obtained in
verifying the inferences of the generalized optical theorem and the Regge-poles model for nuelei.

The interaction of ~3-GeV deuterons has been studied in the Dubna proton synchrotron using a one-
meter hydrogen chamber exposed to a separated deuteron beam. The process cross sections for silver,
bromine, and oxygen nuclei have been determined in an investigation of the interaction of relativistic o
particles (17 GeV momentum) with photoemulsions.

In methodical developments one should especially mention the start-up of a facility equipped with an
SKM-200 two-meter streamer chamber. A set of proportional chambers with dimensions 15 X 15, 20 X 20,
and 90 X 30 cm has been built. Eight proportional chambers and 401 X 1 m spark chambers have been pre-
pared for the "Foton" facility under construction. '

The proton synchrotron has been used to accelerate o particles to an energy up to 20 GeV. Two new
secondary-particle channels leading from internal targets and four channels for the extracted beam have
been assembled,

A plan has been proposed in cooperation with the Radio Engineering Institute of the Academy of
Sciences of the USSR for the construction of a hard-focusing "Nuklotron" accelerator of relativistic parti-
cles. The work of the Laboratory of Nuclear Problems has been discussed by V. P. Dzhelepov., A step
forward has been taken in the study of antimatter; antitritium has been discovered in a joint experiment of
the JINR and the Institute of High~Energy Physics using a 76 GeV accelerator. The exceedingly complex
problem of the discovery has been solved by multiple, independent, and simultaneous measurements of par-
ticle velocities at very high accuracy. The generation cross section of antitritium nuclei with 2 momen-
tum of 25 GeV /sec at a zero angle to the proton beam incident on the target is d2s/dpdQ = (1.0 *+ 0.6) - 10~
cm?.sec /GeV *sr per one aluminum nucleus in the target., The polarization parameters P and R in Il-p
and K-p elastic scattering at 40 GeV/sec have been measured in a joint experiment of the Institute of High-
Energy Physics, the JINR, Saclay, and the Institute of Theoretical and Experimental Physics.

The accelerator of the Erevan Physics Institute has been used in studies of elastic electron—deuteron
scattering at 4 GeV. The work was directed by scientists of the JINR in cooperation with the E revan
Physics Institute and the Bucharest Institute of Atomic Physics. The obtained differential cross sections
make it possible without models to receive information about the electromagnetic form factor of deuterons
in the region of small impaired moments. The mean-square radius of a deuteron has been found as 2.01
+0.09 F.
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Scientists of the JINR, the Bucharest Institute of Atomic Physics, and the Turino University studied
H and “H scattering of pions on the Dubna synchrocyclotron using a magnetic spectrometer and a helium
streamer chamber, New data on this process have been found in the resonance region (3/2, 3/2). The
mechanism of nuclear capture of 4 mesons by light (C, N, O) and heavy (Ag, Br) nuclei of photographic
emulsions has been studied. Radiochemical and nuclear spectroscopic methods have been used to study
double charge-reversal of pions on heavy particles with the purpose of explaining the effect of nuclear
structure on the probability of this process. The fusion reaction du + d — 3He +n + p in gaseous deuterium
has been investigated in order to find the mechansim of production of (ddu)* mesomolecules.

In accordance with the YaSNAPP program, a wide range of isotopes created in nuclear reactions un-
der the action of 670-MeV protons has been studied using nuclear spectroscopic and radiochemical techn-
iques,

A five-meter magnetic spark spectrometer has been put into operation and the first 14,000 photo-
‘graphs have now been collected using the pion beam of the Serpukhov accelerator, The feasibility of new
track instrumentation, such as a streamer chamber with holographic track recording and an ultrasonic
liquid-hydrogen chamber, has been proved experimentally, Instrumentation systems for measuring the

profiles of charged particles have been developed on the basis of ionization and proportional chambers.

The electromagnet windings and pole pieces of the synchrocyclotron now undergoing reconstruction
have been manufactured. A frequency-variator prototype has been designed and is now tested on the operat-
ing accelerator. The development of various systems for the future accelerator has been continued. The
workers of the Laboratory proposed the construction of a 800-MeV high-current proton accelerator of the
ring cyclotron type with hard focusing and a 100-mA beam current.

G. N. Flerov reported on experiments on thé synthesis of superheavy particles in the Laboratory of
Nuclear Reactions. Extensive studies with 4$76Ge ion beams provided estimates of the upper limit of spon-
taneously fissile isotopes of elements with Z >110 at the level ¢ <1073 cm? for nuclei with half-lifes 103
to 10° sec. Experiments have been carried out for the investigations of the interaction mechanism of xenon,
krypton, and germanium ions with nuclei. The search for superheavy elements in nature has been con-
tinued.

A new technique of gaseous chemistry has been developed for chemical investigations of transactinide
elements with the purpose of studying bromine compounds and for experiments on the chemistry of the
105th element. A highly efficient method of gas thermochromatography has been devised for chemical
separation and identification of elements with Z = 105.

The construction of the BESM-2 mass operator for the cyclotron beam has been completed and studies
of proton-rich cesium and barium isotopes have been started. New proton emitters have been discovered.
Studies of neutron-rich isotopes revealed the heaviest carbon isotopes 1°C and 20C, the latter being observed
for the first time. The decay characteristics of the new neutron-rich isotope #Cl have been investigated.

New techniques have been devised for measuring the lifetimes of composite nuclei based on the "sha-
dow effect® in which a single-crystal target is cooled to liquid-nitrogen temperature. The Doppler shift
effect in recoil nuclei has been used to measure the lifetimes of the various levels of neutron-deficient
nuclei, The effect of ionization of internal atomic shells in collisions of heavy germanium and xenon ions
with the target atoms as well as the production of quasi molecules have been studied,

The U-300 cyclotron has been used as a hot-cathode plasma source of germanium and metallic ions,
the material being supplied by cathode sputtering. A microtron with 17 orbits has been put into operation
and provided a 10-MeV electron beam of up to 20 gA. Heavy-ion beams have been used to produce mole-
cular and viral filters with pores of a regular geometric form and very low dispersion (~1%). The filters
have been successfully tested in industrial conditions.

The completion of the overhauling and start-up of the IBR-30 reactor of the Laboratory of Neutron
Physics has been reported by I. M, Frank, Several units of the reactor have been reconstructed in order
to improve the reliability of the machine and of the protection system. In 1973 the reactor provided more
than 3000 h of experiment time. A second experiment has been carried out on measuring the magnetic
moments of compound states of disprosium nuclei using the new. method of neutron resonance shifts as a
result of superfine magnetic interaction in nuclei oriented at extremely low temperatures. The range of
neutron energies has been significantly extended and the energy resolution has been improved. Experi-
ments have been continued on the containment of ultracold neutrons in copper, glass, guartz, beryllium-
glass, and carbon-glass vessels in order to find the reasons for the discrepancy between the experimental
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and theoretical neutron absorption factors. The studies have been conducted in cooperation of the I. M.
Kurchatov Atomic Energy Institute on the IRT-M reactor.

The o decay of neutron resonances of deformed nuclei has been studied using the IBR 30 reactor and
an electron accelerator. The total o widths have been found for several resonances and their analysis
indicates the absence of any significant factors that forbid o decay. A study of nuclear levels of !4Sm of
radiation capture reactions of resonance neutrons has been completed. Primary vy radiation spectra of 23
neutron resonances and of the averaged neutron spectrum have been investigated, The spins of many resc-
nances have been accurately determined.

Nuclear reactions involving charged particles, including the energy and angular dependence of the
spin reversal probability in inelastic proton scattering by 24Mg have been investigated. It has been shown
that unlike polarization, the probability of spin reversal is not zero in the region of isolated resonances.

Two peaks corresponding to one- and two-phonon scattering have been detected in neutron scattering
in liquid helium using the DIN-1 spectrometer. Neutron experiments confirmed the existence of Bose con-
densate in superfluid helium,

The design of a measuring and computing center for the IBR-2 reactor has been worked out together
with the Laboratory of Computing Techniques and Automationand the Central Institute of Physics Research
(Budapest), '

The activities of the Laboratory of Computing Techniques and Automation have been described by
M. G. Meshcheryakov. The stack processing mode added to the BESM-6 machine of the JINR more than
doubled the throughput of the computer, The BESM-6 and three BESM-4 computers have been fitted with
standard ES-5012 magnetic-tape storage systems manufactured in Bulgaria. The fast-access memory of
the BESM-4 computer has been expanded to 12 k.

The NPD and AELT-1 automatic systems are used to mass process chamber photographs. Perfec-
tion of the NDP system has been continued. Experimental processing of photographs taken in the one-
meter hydrogen bubble chamber has been started with the automatic scanner (spiral meter). The link be-
tween the semiautomatic system of PUOS instruments and the BESM-4 computer has been expanded, and
two measuring SAMET stands (produced in Czechoslovakia) have been connected to the system.

The development of optical links with the computer has been continued. A library of display sub—
routines has been completed for an M-6000 computer for the SIGDA graphic display and the OSK-2 dot dis-
play. The development of instrumentation and the first group of systematic mathematical software for the
M-6000 based display terminal for processing graphic information with the BESM-6 computer has been
completed, A graphic display terminal using a TEKTRONIX storage tube has been put into operation and
is now being experimentally tested.

A sectionalized system of programs has been developed for processing photographs taken with the
nLyudmila" chamber. Basic systematic GIDRA subroutines are being developed in cooperation with the
Institute of High-Energy Physics (GDR) and the Institute of Experimental Physics (Czechoslovakia)., A set
of programs has been prepared for mathematical processing of experimental data obtained with filmless
spark chambers on the JINR and the Institute of High-Energy Physics (Serpukhov) accelerators.

New applied mathematical methods have been developed for calculating the shape of electron storage
rings for a collective accelerator. Programs have been compiled for mathematical simulation of the be-
havior of a charged layer by the method of enlarged particles using a display terminal. The periodic tra-
jectories of charged particles in the JINR proton synchrotron have been analyzed taking into account geo-
metric distortions.

V. P. Sarantsev told about the work of the Department of New Acceleration Methods on the design of
the basic units of a collective heavy-ion accelerator. Theoretical problems associated with generation of
pulsed magnetic fields in a thin-walled metallic adhesation chamber and the calculation of fields within the
chamber have been considered. Parameters of the extraction system and of the accelerator solenoid have
been calculated. '

A working model of a thin-walled vacuum adhesation chamber made of 5-mm stainless steel has been
designed and built on the basis of theoretical calculations and experimental measurement of the magnetic,
thermal, and mechanical properties of materials. The chamber is capable of operating in pulsed magnetic
fields at pressures of 10~8 torr.
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A system for generating the constant magnetic field and three-stage supply system for the pulsed
accelerating field havebeen designed and built, The latter problem involved the design of commutators
capable of switching 5-kA currents at 30 kV. ' -

Generation of the adhesator magnetic fields required the design of an efficient measuring system in-
cluding Hall magnetometers for measuring pulsed magnetic fields with an accuracy of 10~ and constant
magnetic fields within 1074 (at field intensities exceeding 2 kG). Two magnetometers based on nuclear
magnetic resonance are used to calibrate the various magnetometers. The fields are analyzed by con-

- necting the measuring equipment directly to the M-6000 computer,

A high-energy proton accelerator System based on a superconducting cyclotron section has been in-
vestigated.

The Deputy Director of the Institute K. Lanius reported on international activities and ties of the
JINR. In 1973 the Institute's Laboratories conducted more than 250 scientific and methodological research
projects in cooperation with other member countries. During one year the Dubna Institute has been visited
by more than 840 specialists of many countries, and nearly 560 JINR scientists participated in various
conferences and visited foreign research centers, Seventeen scholarship students of different countries
worked in the Institute. The Institute organized five scientific conferences, two schools, and eight working
meetings. They include the 3rd International Symposium on High-Energy and Elementary Particle Physics
(Romania), the 7th International Symposium on Nuclear Electronics (Hungary) and the 3rd International -
Seminar on Nonlocal Quantum Theory (USSR).

In 1974 the JINR will hold the 4th International Symposium on High-Energy and Elementary Particle
Physics (Varna), an International Symposium on Interactions between Composite Nuclei (Dubna), the 2nd
School .on Neutron Physxcs (Alushta), the 3rd-Schoel on Computer Applications in Physical Experiments
(T ashkent) and others,

During the Session of the Academic Council, winners of the JINR competition for best scientific works
have been presented with diplomas. The first prize was awarded to two groups of authors for the papers
"Self-Similarity in High-Energy Physics" and "Slow Extraction of Accelerated Beam from the JINR Proton
Synchrotron:" the second prize was awarded to the papers "Regeneration of Neutral Kaons in Hydrogen, "
"Nuclear Spectroscopic Analysis of Short-Lived Isotopes in Accordance with the YaSNAPP Program, "
"Analysis of New Particle Detection Methods _and Design of a Crystalline Filament Counter," and "Develop-
ment and Improvement in Efficiency of the BESM-6 Computer, "
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CONFERENCE OF THE IAEA GROUP ON THE
DESIGN OF FUSION REACTORS

G. N. Popkov

The conference took place at the Calem Laboratofy (Great Britain) on January 29 to February 15,
1974. The Conference was attended by representatives of the USA, German Federal Republie, the USSR,
Great Britain, Japan, France, Italy, the Netherlands, Sweden, and also of the Euratom and IAEA.

Information provided by the various countries was used to analyze problems arising in connection
with the design of controlled thermonuclear reactors of various types, ways of overcoming the many diffi- .

culties have been indicated, and the principal problems which must be solved before thermonuclear power
plants become a reality have been noted.

During the first week the participants reported on various thermonuclear reactor projects and on in-
dividual engineering problems associated with their design. On the basis of these reports the Conference
was divided into eight groups dealing with specific subjects: impurities, protection of first wall, reactor
firing, radiation damage and materials; assembly, diassembly, and accessibility; tritium, fusion—fission
reactors, environmental protection. All these problems have been discussed during the two weeks of the
Conference and concluding reports were prepared.

Such a schedule has definite advantages over the traditional ways of conducting scientific conferences,
Thus, the participants had ample opportunity to discuss in detail every report, to examine together with the
author unclear or debatable questions, to organize meetings on problems arising in the course of the Con-
ference, and to determine the scope of questions on which there is a general agreement,

The Conference proved that outside the Soviet Union the design of the thermonuclear reactors has
already passed the stage of preliminary tests and timid trials and has now become a field of vigorous
scientific and engineering activity going on at many laboratories and in design groups numbering 20-30
people each, A new field of science and engineering has been born with its specific problems, interests,
approaches, and solutions. The conference heard about more than ten projects of future power reactors
which are now at the proposal stage, six of them being of the Tokamak type. One of the most thoroughly
worked out project is the Tokamak reactor of the Wisconsin Laboratory. Japanese designers suggested the
use of Li,O as blanket material. Inthe Princeton Laboratory project much attention has been devoted to
the description of a poloidal diverter,

The most burning question was the problem of impurities in Tokamak type reactors. The problem.
has been discussed in three sessions. Tokamak experiments in the USSR indicate that in agreement with
theory, impurities diffuse into the plasma filament at a much higher rate thanthe plasmadiffusionrate,
Several suggestions have been discussed for preventing plasma contamination by impurities (diverters,
gas blankets, plasma rotation, resonance acceleration of impurity ions, selection of wall materials). Since
none of the suggestions offers a radical solution to the problems of impurity, it has been proposed to design
a Tokamak reactor operating in a pulsed mode. Preliminary estimates indicate that the difficulties asso-
ciated with pulse operation can be overcome if the pulse duration is 100 sec or more.

Projects of other reactor types are at a less advanced stage. For example, reactors of the toroidal
Theta-pinch type require considerable further advances in energy storage devices for supplying the adia-
batic-compression coils, in materials insulating the first wall, in the problem of preventing wall impuri-
ties from contaminating the plasma during adiabatic compression, in providing pinch stability, and in the
feasibility of a modular version. ' : : :

Translated from Atomnaya i‘.nergiya, Vol. 37, No. 1, pp. 85~86, July, 1974.
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Two reports on reactors with laser triggering discussed the design of the chamber elements and
touched upon subjects common to all thermonuclear reactors: the first-wall load, the blanket, and energy
conversion., The laser system proper, radiation injection into the interaction chamber, and the protection
of the final optical elements have not been discussed from a practical point of view, The absence of the
principal element, a laser with suitable parameters, and the lack of corresponding plasma experiments,
makes the entire project rather abstract.

Problems associated with the use of tritium, with material properties, and with the assembly and
diassembly of reactors have been discussed in specific cases. The discussions resulted in a formulation
of the basic requirements of a practical system due to the presence of tritium, Thus, the escape of tritium
from the reactor in 24 hours should not exceed 1077 of its total content (according to the norms ‘accepted in
most countries). ' : ' ’

A discussion of prospective materials indicates that the specific features of thermonuclear reactors
necessitate accurate data on the strength, corrosion and radiation resistance, resistance to fragility,
swelling, sputtering caused by neutrons and ions, and blistering of a wide range of construction materials.
A discussion of the problems associated with reactor assembly, disassembly, and maintenance indicate
that probably as a result of the effects of plasma radiation, it is impossible to manufacture reactor com-
ponents (especially the blanket) with a sufficiently long service life so that the reactor design must foresee
easy diassembly and assembly of the reactor core exposed to strong neutron radiation and containing tri-
tium. -

In conclusion, one should note the rapid pace and wide range of design work on thermonuclear power
reactors in the West, particularly in the USA. An ever growing number of engineers and specialists in
adjacent fields participate in these works. '
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SEMINARS AND EXHIBITIONS OF THE
ALL-UNION "IZOTOP'" CORPORATION

A Scientific-engineering exhibition "Atoms at Work" has been held in January 1974 in Tallin, The
following sections have been represented in the exhibition: atomic power, scientific¢ research, nuclear
physics instrumentation, and radiation engineering. Models of the VVER-440 and BN-350 power reactors,
of the Tokamak-3 .and PR-6 thermonuclear plants, as well as a thermometer reactor of the future have
been exhibited, ‘

The section "Nuclear Physics Instrumentation and Radiation Engineering® displayed various radio-
isotope devices and radiation tools manufactured by the "Izotop® corporation for the national economy.

A seminar on "Applications, Nomenclature, and Quality of Radiation Protection Technology, " organ-
ized by the Leningrad division of the "lzotop" corporation and the Leningrad science popularization society
"Znanie, " has been held in January, 1974. In the seminar participated representatives of the Leningrad
Sanitary-Epidemological Station, the Kol'sk Branch of the Academy of Sciences of the USSR, the V. G.
Khlopin Radium Institute, and the S, M. Kirov Academy of Military Medicine., Lectures were heard and
recommendations have been worked out on the quality and nomenclature of the manufactured products.

The participants visited an exhibition of radiation safety devices.

A seminar on "Application of Radioisotopes in the Food Industry" has been organized by the Tashkent
division of the "Izotop™ corporation in.cooperation with the Ministry of the Food Industry of the Kazakh SSR
in Alma-Ata in February 1974, The participants of the seminar accepted recommendations on the wider
use of radiation technology in the country's food industry and on the establishment of a special section at the
Academic Council of the Ministry of Food Industry of the USSR on the application of radiation technology.

An exhibition and seminar on "Past Experience and Future Prospects of the Application of Radiation
Technology in the Chemical Industry™ has been held by the Sverdlovsk regionaldivision of the "Izotop® cor-
poration of the bichromate plant in Pervoural'sk in March 1974. The seminar was -attended by 85 repre-
sentatives from 35 industrial and research organizations of 14 Ural' cities, The participants accepted re-
commendations on expanding the application of radiation technology in the chemical industry.

An exhibition and seminar on "Application of Isotopic Techniques and Radioisotopic Instruments in
the Chemical Industry™ has been organized by the Moscow regional division of the "Izotop" corporation in
March 1974. The seminar was attended by representatives from 28 industrial and research organizations.
The participants visited the Voskresensk chemical combine which successfully employs nearly 150 radio-
isotopic instruments,

A seminar on "the Application and Safety of Radioisotopic Instruments in the Light Industry™ has been
conducted by the Kiev republican division of the "Izotop" corporation in cooperation with the Ministry of
Light Industry of the Ukrainian SSR in March, 1974. Reports were read and special motion picture films
were shown. According to the recommendations worked out by the participants, the survey of the Enter-
prises of the Ministry of Light Industry of the Ukrainian SSR will continue in 1974, Ithasbeenrecommended
to include lectures on the application and use of radioisotopic instruments in the curricula of Higher Course
on Improving the Qualificatiocns of Leading and Technical Workers, The seminar's recommendations will
be published and distributed.

A seminar on "Application of Isotopes and Radiation Instruments in the National Economy" took place
in Berdyansk in March, 1974, The purpose of the seminar was to expand the applications of radioisotope
technology in the regional and city industrial enterprises., The participants familiarized themselves with
the operation of more than fifty radioisotopic instruments successfully used in various technological pro-
cesses of petroleum plants.

T ranslated from Atomnaya Energ1ya Vol. 37, No. 1, pp. 86-87, July, 1974,
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INFORMATION: NEW INSTRUMENTS AND FACILITIES

KTN-2 TANTALUM AND NIOBIUM
CONCENTRATION METER

B. E. Kolesnikov, E. D. Kokhov,

Yu. D. Lavrenttev, and A, P, Khukhyanskii.

The All-Union Scientific-Research Institute of Radiation Engineering developed an automatic x-ray
radiometric instrument for measuring the concentration of tantalum and niobium in powdered products,
The instrument has the following technical specifications:

Range of measured concentrations, %

tantalum .. .. v o v v i it e e e e 0.05-6.0
~ miobium ......00 ... 0.05-70.0
Sensitivity threshold, %
tantalum oo oo v e e e e e 0.03
niobium, ........... ... e+ -ee.s..0.03-0.05depending on the sample
composition;
Relative measuring €rror .. .. ...... ... less than 3%
Time of three measurements ... .. ........ 10-30 min.

The output information is displayed in digital form in the form of a number proportional to the con-
tent of the determined element.

The instrument uses a !"°T'm radioisotopic source (TU-3 MRTU 10-108-68) with an activity of 0.5
g-eq Ra. A special intermediate target and differential filters are used for the analysis of each element,
The weight of the analyzed sample is 60 g. The radiation detector is a 1-mm thick Na I (T1) scintillation

" counter. The instrument operation is based on measuring the radiation of a standard background [1-3].

Fig. 1. Block diagram of KTN-2 ’ ‘ - B
concentration meter, Fig. 2. External view of the KTN~2 instrument.

Translated from Atomnaya Energiya, Vol. 37, No. 1, pp. 87-88, July, 1974,
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The K-series emissions of the analyzed element and thé standard are separated by means of two pairs
of differential filters [4].

The instrument block diagram is shown in Fig. 1. The transducer includes the ionizing radiation
source 1, intermediate target 2, the analyzed sample 3, radiation detector 4, the filter changing mech-
anism 5, and preamplifier 6. The electronic measuring unit includes discriminator amplifiers 7, counter
8, and filter control unit 9.

The instrument operates as follows, The four differential filters are inserted in turn into the sample
radiation flux. The corresponding four pulse trains are amplified, amplitude selected in the discriminator, .
and applied to the counter. The count rate difference obtained with the first pair of filters is proportional
to the characteristic radiation flux of the analyzed element, and that obtained with the second pair of ﬁlters
to radiation flux of the standard.

The counter automatically computes the ratio of the above count rates, i.e., the ratio of the char-
acteristic radiation flux and the flux provided by the standard. The external view of the instrument is
shown in Fig. 2,

The instrument has been tested in industrial conditions in the determination of tantalum and niobium
content in powdered products. The analyzed samples contained tantalum pentokxide, niobium pentoxide,
phosphorus, sulfur, elements of the iron group, and traces of rare earths., The content of these elements
varied within very wide ranges.

The content of tantalum has been determined with the aid of a calibration curve plotted from data ob-
tained with standard samples consisting of actual process products certified by chemical analysis, Since
the accuracy of chemical analysis does not exceed 10%, the calibration curve was plotted by the method of
least squares from the results of measurements on 20 standard samples. All in 2ll 53 samples have been
analyzed, ' '

In the determination of niobium content, the measuring range has been divided into two subranges:
0.05 to 15,0% and 15.0 to 70.0%. The content of niobium in the 15.0 to 70.0% range was determined from
a calibration curve similar to that for tantalum, Twenty one samples have been analyzed, The measure-
ments in the 0.05 to 15.0% range are affected by tantalum content, which is considerable in these samples,
The variation of tantalum content has been taken account of by introducing a suitable correction found from
a plot of the dependence of niobium sensitivity on titanium content,

A check of the compatibility of the results of chemical and x-ray radiometric analyses as described
in [5] proved that at the 1% significance level the differences between the results are statistically insignifi-
cant.

By suitable selection of intermediate targets and differential filters the instrument can be used to
analyze other elements with atomic numbers from 40 to 75.
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TRANSPORTATION AND RELOADING CONTAINER
FOR REMOTE-CONTROLLED GAMMA
THERAPY INSTRUMENTS

v. T. Emel'yanvov, V. M, 'Kondrajshov,
and M. P. Sinodov

The All-Union Scientific-Research Institute of Radiation Engineering designed a new transportation
and reloading container KTP-5. The set consists of the KP-5 container for source storage and for loading
and reloading RAD-1, LUCh-1, AGAT-S, and AGAT-R gamma therapy instruments, a trolley, and exter-
nal packing for shipping the KP-5 container and source to the place of use (Fig. 1).

The KP-5 container consists of a stainless steel casing with a depleted uranium shield. Inside the
block is a rotating drum with three holes along its periphery and a fixed insert with the reloading chamnel,
Two holes are used for the source holders while the third contains a rod which passes into the reloading
channel of the fixed insert and serves at the same time to protect and clamp the rotating drum during trans-

-port, The source holders are loaded into the container from the drum side, On the reloading channel side
of the casing is a centering ring by means of which the container makes contact with the radiation head of
the instrument for loading or reloading. All uranium blocks are jacketted in stainless steel, The con-
tainer is provided on both ends with covers with uranium elements mounted on them to serve as an addi-
tional protection against y radiation pénetrating the jackets of uranium blocks.

The provision of three sockets enables simultaneous storage in the container of the two holders for
the new and replaced sources as necessary for instrument reloading,

The KP-5 container (Fig. 2) is used to load AGAT-S and AGAT-R gamma therapy instruments. The
provision of the container with a trolley considerably facilitated the transportation of the source to the de-
sired location and contacting the radiation head of the instrument. The reloading crew received a dose -
well below the safe level.
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Fig. 1, Transportation and reload-
ing container KTP-5: 1) KP-5 re-
loading container; 2) drum; 3) source
holder; 4) trolley; 5) external pack-
ing; 6) insert; 7) rod; 8) centering .
ring, Fig. 2. KP-5 reloading container on trolley,

Translated from Atomnaya Energiya, Vol. 37, No. 1, p. 89, July, 1974.

© 1975 Plenum Publishing Corporation, 227 West 17th Street, New York, N.Y. 10011. No part of this publication may be reproduced,
stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, microfilming,
recording or otherwise, without written permission of the publisher. A copy of this article is available from the publisher for $15.00.

782

Declassified and Approved For Release 2013/02/21 : CIA-RDP10-02196R000400040001-6




Declassified and Approved For Release 2013/02/21 : CIA-RDP10-02196R000400040001-6

A prototype of the KTP-5 container successfully passed all radiation, mechanical, and heat tests as
required by the Comecon and the JAEA standards on the safe transportation of radioactive materials,

The shielding properties of the KP-5 container have been tested using a ®Co  source with an expo-
sure dose rate of 1.14 R /sec at a distance of 1 m. It has been found that the maximum surface dose rate
of the container at a point closest to the source was about 32 mR /h correspondmg to the third category of
transport packing. In mechanical tests the KTP-5 container was dropped from a height of 9 ¢cm on a concrete
base with a 30 mm thick steel blade and from a height of 1 m on a pin. Heat tests were conducted in a fire—
box (oven dimensions 2800 X 2800 X 1706 mm). The container was heated in the firebox for 25 min to 800°C
and remained at this temperature for the next 30 min.

-To check its radiation safety the container, after passing the mechanical and heat test, was once
again subjected to radiation tests which proved that its safety remained as before even if the Comecon and
IAEA standards allow a fivefold increase of the exposure dose rate at some points of a container.

The tests proved that the KTP-5 container meets all Comecon and IAEA requirements on safe trans-
portation of radioactive materials and facilitates the loading and reloading of remote-controlled gamma

therapy instruments. The new transportation and reloading container has been accepted for mass produc-
tion in 1973.
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NEW GAMMA FLAW DETECTORS FOR TESTING .
THE WELDING OF MAIN PIPELINES '

V. N. Khoroshev, A. I. Murashov,
V. N. Polosatov, and N. I. Neustruev

The highly reliable welded jointé necessary in large-diameter pipes require, in addition to improve-
ments in welding techniques, also large-scale and high-grade nondestructive testing.

To improve testing efficiency thus allowing large-scale testing of the quality of welded joints of
pipes, the All-Union Scientific-Research Institute of Radiation Engineering has designed at the request of
the Institute of Construction of Main Pipelines two vy flaw detectors, Magistral' and Magistralt-1, employ-
ing v sources of high activity. The characteristics of the y sources used with the flaw detectors are listed
in Table 1. :

Although the purpose and the setup of the Magistral' and Magistral'-1 flaw detectors are different,
‘both instruments use standardized units as their basis, The Magistral' flaw detector (Fig. 1) is intended
for testing the quality of welded joints of 1020-1620-mm main pipes with walls up to 35 mm thick both by
panoramic irradiation at pipe welding stations, andby a frontal beam in the pipe thread. The y flaw detec-
tors inelude the radiation head, drive, controt panel, manual drive, container, cables, the radiatiom head-
holder, stand, and spare instruments and devices. - )

The radiation head mounted on the stand is manually introduced into the pipe thread. The radiation
beam is remotely controlled by means of manual or electromechanical drives. The beam is shaped by ex-
changeable collimators mounted on the radiation head. The electromechanical drive and the control panel
are supplied with 24 V de. The panel has pilot lights which indicate the position of the radiation source,
If the current is cut off, the source is automatically returned to the "storage" position, In manual drive,
the position of the source is indicated by the state of the manual-drive handle. ’

Fig. 1

Translated from Atomnaya Energiya, Vol. 37, No. 1, pp. 90-91, July, 1974.
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Fig. 3. Isodoses in panoraming x-raying of 1420 X 17.5 pipes using 19211‘ (exposure dose rate
2.85 mR /sec) (a) and !¥Cs (exposure dose rate 5 mR /sec) (b) radiation sources.
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TABLE 1. Characteristics of ¥ Radiation Sources

Exposure dose rate of y ra- | Size of active External dimensions of source
%l/asteign ata distance of 1m, portion, mm (vial), mm
GOST Type of ‘ diameter height
' souree nominal maximum diaraeter] height maximumj
3 : maximum
deviation nominal o e ion nominzﬁl deviation
16002—70 137Cg 5,0.10-3 +1,2-10-3 ‘ no more | no more 14 0,36 19 —1
GID-Ts-4 10 1
16003—70 192]p 2,0-10-2 +0,6-10-2 | 6,0 6,0 8 0,30 9 —0,9
GID-1-7
i

By using the uranium shields, the weight of the radiation head has been reduced to 25 kg in spite of
considerable radiation source activities (see Table 1). With the source in the "storage® position, the expo-
sure dose rate at a distance of 1 m does not exceed 2.8 mR /h .

The Magistral'-1 gamma flaw detector is used for panoramic inspection of welded joints of 1020 to
1620 mm main pipes along the thread, and is used in conjunction with the AKP-141 automatic set (Fig. 2)

which automatically positions and operates the flaw detector while it travels inside the pipe for dlstances
up to 1.5 km.

The AKP-141 set has been jointly designed by the Kiev "Gazstroimashina® Design Bureau (the rumn-
ing section and power supplies) and the "Gazpriboravtomatika® Design Bureau (automatic control circuits).
The Magistral'-1 flaw detector consists of a radiation head, drive, container, radiation head holder (the
same as in the Magistral' set), cables, two collimators, two radioisotopic servo systems, and a reference
container, The radiation head, drive, servo systems (electronic circuits and detectors), and collimators

are mounted on the running part of the AKP-141 set and are connected through cables with the automat1c
control circuits and power supplies.

As proved in many tests, the positioning of the AKP-141 set and execution of control commands by
the servo system using scintillationdetectors is very reliable, The accuracy of positioning the AKP-141
set against a tested joint in a pipe 1420 X 17.5 mm in diameter was £10 mm amounting to 0.7% of the pipe
diameter as compared with 2% desired by the customer. Parallel tests of a similar positioning and com-
mand system based on magnetic induction gave negative results as its positioning accuracy was about 10%
of the pipe diameter. Using a GID-I-7 (!%2Ir) source, the time necessary for panoramic and frontal x-raying of

1420 x 17 mm pipes was 0.2 and 1.5 min respectively, and with a GID-Ts-4 (}¥'Cs), 0.3 and 3 min respec-
tively.

-The sensitivity of roentgenograms has been estimated with the aid of GOST 7512-69 No. 3 grooved
sensitivity standards as better than 2-3% for unshielded films and 4-6% with shielded film.

The extent of radiation danger zones at a distance of 1 m for panoramic x-raying using the !%[r
source (exposure dose rate 2.85 mR /sec) and !3Cs source (exposure dose rate 5 mR /sec) are shown in
Fig. 3. The measurements were made using an RUP-1-1 meter with an accuracy of +20%. The use of

higher source activities extended the danger zones, This circumstance must be considered in organizing
the inspection.,
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The Magistrél' and Magistral'-1 gamma flaw detectors passed all industrial tests and have been re-
commended for quantity production in 1975. ‘

The expected economical gain provided by one Magistral' gamma flaw detector is estimated as about
10,000 rubles annually. .

786

Declassified and Approved For Release 2013/02/21 : CIA-RDP10-02196R000400040001-6



Declassified and Approved For Release 2013/02/21 : CIA-RDP10-02196R000400040001-6
BOOK REVIEWS - ’ .

Yu. M. Dymkov
THE NATURE OF PITCHBLENDE*

Reviewed by V. L. Barsukov

Pitchblende is one of the most important sources of uranium and radium. At the same time, pitch-
blende is one of the most complex natural objects and the difficulties encountered in its analysis gave rise
to various, frequently conflicting, -views on its nature.and origin.

Till now, for example, there is no agreement if pitchblende should be considered as an independent
mineral (of a single solid phase) or as an aggregate of several minerals (several solid phases), Some re-
searchers believe thatnasturan and pitchblende are synonymous while others insist that they denote different
objects; some mineralogists consider nasturan (the basic component of pitchblende) as a variety of U0,
uraninite, while others regard it as compound of a composition different from UO,.

The peculiar, kidney-shaped form of pitchblende deposits was at one time responsible for the view it
is of colloidal origin. These views still find their way into geological literature in spite of the many recent
proofs of crystallization growth of kidney-shaped nasturan individual or aggregates,

The lack of clear notions about the origin of pitchblende, the mechanism of its crystallization, its
phase transformations during the deposition process, and the subsequent transformation of its composition
and morphology, makes it very difficult to form a theory of its origin, to refine our knowledge about the
conditions of formation of uranium deposites, and to find criteria of prospecting for and evaluating the
latter,

The book of Yu., M. Dymkov fills in many blanks in the genetic mineralogy of uranium. The book
summarizes and analyzes extensive information about natural and synthetic uranium compounds, and des-
" cribes the results of the author's precision investigations which provide unambiguous answers to many
problems, :

The author cites new evidence that natural pitchblende is actually always an aggregate of several
mineral phases: nasturan (having a spherocrystalline or spherulitic structure), uranite (possessing morpho-
' logical symptoms of a cubic system), coffinite (uranium silicate), and many products of their variations,
One cannot but agree with the statement that the terms "pitchblende, " "nasturan, ® and "uraninite® should
not be used as synonyms so as not to aid the confusion already existing in mineralogy.

The book cites new evidence that even the uranium oxides, nasturan and uraninite, are multiphasiec,
It is shown that this multiphasic nature is regular and is explained by the complex processes (changes in
the degree of uranium oxidation, substitutions between nasturan and coffinite, metamictization of uranium,
etc.), which take place during the deposition (crystallization) of uranium oxides and continue after their
formation,

The crystallization mechanism of the formation of kidney-shaped nasturan deposits is now generally
accepted, in a large measure owing to the work of Yu. M. Dymkov. The main part of the reviewed book is
devoted to the proof that nasturan is a spherocrystalline variety of natural uranium oxides, primordially
of a cubic system, that formed as a result of breakup of cubic and other forms of nucleating uraninite crys-
tals. These uraninite nuclei of nasturan spherulites have been first detected by Yu. M. Dymkov in an
electron microscopic study of pitchblende and are described in the book. The breakup of nucleating urani-
nite crystals, established by Yu. M. Dymkov, is an importantdiscovery, asit has been assumed until now
that nuclei of spherical crystals form only in the breakup of noncubi¢ minerals,

*Atomizdat, Moscow, 1973.

Translated from Atomnaya ﬁnergiya, Vol. 37, No. 1, p. 93, July, 1974.
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The book considers in detail and successively all basic stages in the ontogenesis of nasturan and cof-
finite; the origin and growth, changes in the course of growth and thereafter,” the conditions of combined
growth of spherical crystals and their relation to other minerals are analyzed.

More disputable are the concepts of Yu. M. Dymkov about the filogenesis of nasturan, i.e., about the
history of its origin as an individual chemical compound, which are the topic of the book's last chapter,
However, even here the author presents several interesting problems which merit the attention of all
mineralogists.

The book is undoubtedly an important milestone in the study of uranium minerals. Its conclusions and
the systematic analysis of natural material will have a marked effect on subsequent studies of not only uran-
ium but also other ore deposits. One must stress the fine arrangement of the book, the high quality of
microphotographs and figures, the convenient headings, and the thoughtful presentation of actual reference
material, : . e
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B. I. Spitsyn and B. B. Gromov

PHYSICOCHEMICAL PROPERTIES OF
RADIOACTIVE SOLIDS*

Reviewed by E. V. Sobotovich

The authors of this monograph make an attempt to generalize the basic experimental data in the field
of solid state radiochemistry, a new field of science which takes its origins in the synthesis of some branches
of sciences such as radiochemistry, radiation chemistry, and physical chemistry of heterogeneous pro-
cesses, This synthesis has been stimulated by practical needs of the national economy and by the growth
of atomic engineering. ' '

Special emphasis is placed on the effect of self-irradiation as distinguished from external radiation.
Onthisbasis the authors stress the fertility of the comparative study of external and internal irradiation
in the analysis of radiation changes in solid samples., The available literature deals mainly with individual
probiems of solid radiochemistry (dosimetry, defects in crystalline structure, annealing of radiation
damages). Thus, to generalize the most important directions, the authors put primary emphasis on such
traditional physicochemical processes as the solution kinetics, heterogeneous isotopic exchange, surface
structure and absorptive properties, electrochemical effects on the radioactive metal—solution interface,
and radiolysis of radioactive salts. However, the consideration of most problems is limited to a discus-
sion of specific relationships and contains no extensive generalizations. This can be explained in part by
the fact that solid state radiochemistry is in its incipient stage, and also by the lack of a general theory of
chemical reactions, by the state of the theory of radiolysis in solid crystals, of'the solid state theory, etc.
Nevertheless, the discussion of a wide range of phenomena associated with self-irradiation sufficiently
fully characterizes the present state of solid state radiochemistry,

*Atomizdat, Moscow (1973).

Translated from Atomnaya Energiya, Vol. 37, No. 1, pp. 93-94, July, 1974.
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A. Thomas and F. Abbey*

CALCULATION METHODS FOR INTERACTING
ARRAYS OF FISSILE MATERIALSY

Reviewed by I. A. Stenbok

Engineering methods of the calculation of fissile material systems are discussed. With the aid of
these methods it is possible simply and without resorting to computer techniques to estimate optimum
sizes and configurations of assemblies of interacting elements or products of fissile materials.

A general formulation of the problem is stated and an expression is derived for the multiplication
factor of a system of interacting elements. Since an exact solution becomes very tedious if the number of
elements exceeds four, and manual calculations are impracticable, simple methods are employed in prac-
tical work. The authors describe three such methods. The first (the Oak Ridge method) is based on an
experimental measurement of the critical parameters of an assembly of elements having a simple geometry
(cylinders, plates, spheres in a regular lattice). Two variables are used: the multiplication factor of a
single element and the solid angle at which the central element of the system is seen from the point of loca-
tion of the neighboring element, Tables and graphs are given from which it is possible quickly and simply
to estimate the critical parameters of regular systems. The second method has been developed by the
authors and is called by them the "interaction parameter method." It consists in principle in the deter-
mination of interaction parameters defined as the number of neutrons emitted by the fissile body as a result
of interaction with neutrons of an isolated source, This parameter can be measured experimentally or ob-
tained by exact computation, Measuring methods and results are cited, and working formulas and param-
eters calculated for different assemblies are given, The results obtained by the interaction-parameter and
Oak Ridge methods are compared. An advantage of the first method is its possible application in irregular
systems of inhomogeneous elements (of course, with some limitations).

, The third method, the so-called PQR method, has been developed for storage and transportation
systems for fissile materials. In addition fo the simplified methods, the direct Monte Carlo method is
also discussed. :

The book will be very valuable to engineers interested in nuclear safety problems, and to students
of nuclear power engineering,

*Pergamon Press (1973).
1 International Series of Monographs in Nuclear Energy.

Translated from Atomnaya Energiya, Vol, 37, No. 1, p. 94, July, 1974.
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